
























































































35 

Figure 2.4 below shows the compartment temperatures resulting from the above 

formula for various values of u1. 

Figure 2.4 Compartment Temperatures 

The disadvantage of this method is that it requires some degree of computation 

and also does not take account of effect of different linings within the 

compartment and only gives one value for the compartment temperature. 

2.4 STANDARD FIRE CURVES 

In order to determine the fire performance of building elements, most countries 

rely on full scale fire resistance tests carried out in large furnaces. In order to 

have standard fire resistance tests that are readily reproducible, standard time 

temperature curves have been developed which the furnace heating pattern 

must adhere to. The most common fire test time temperature curves are ASTM 

E l  19 and IS0 834. Most national building codes quote one or other of these 

specifications in their criteria for establishing fire resistance. 
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The IS0 834 curve is defined by the equation:- 

T = 345 log,, (8t + 1) +To 
where t = time (min) 

To = ambient temperature (“C). 

The ASTM E l  19 curve was defined by a series of discrete points. For the sake 

of convenience, a number of equationswhich approximate the ASTM E l  19 curve 

have been produced and one by Lie (I 995) is:- 

T = 750[1 - exp (- 3.79553 &)] + 170.41 Jt + To 

where t = time in hours. 

Table 2.1 shows the values of the ASTM E l  19 curve and IS0 834 for a number 

of points. 

Table 2.1: ASTM E119 and IS0 834 Fire Temperature Values 

The values are shown graphically in Figure 2.5, which indicates that both 

methods produce similar time temperature curves as would be expected. 
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Figure 2.5: Standard Furnace Time Temperature Curves 

It has been argued that if fire resistance ratings of structural elements in real 

fires can be determined by standard fire tests, it is logical to use the same fire 

tests as the basis for building separation requirements. Barnett (1 988) proposed 

that for a simple method of determining building separations, the standard 

IS0 834 furnace time temperature curve could be used to approximate the 

temperature in a compartment and hence predict the radiation that would be 

emitted through any unprotected openings. In his paper, Barnett illustrates that 

the emitted radiation values used in the British and Canadian regulations are 

similar to the radiation values that would result from the temperatures from the 

IS0 834 fire for 30 minutes and 120 minutes. This is shown on Figure 2.6. 

The standard furnace fire test curves are artificial constructs and bear little 

relationship to the time temperature curves resulting from real fires or from large 

scale fire tests in that both the initial slow growth and the decay phase are not 

included. However, both of these regions have substantially lower temperatures 

than the fully involved phase and hence have much less influence on the 

radiation being emitted from the compartment. 



38 

! 0 

0 

1 2! 

/ 
. 

90: 

Iri' 

4 
= T I M E  ( hours 

1 1 ' I2  2 3 

7 

i 
.I1 
9L5 

h' Low " 

Rad 

173 

/ 

;O Te 

Id 
00 6 

33 kWI 

178kW/m2 

3ritish" Ordinary 167 k W / m 2  - 

- _--' 115: 
0 

0 

Figure 2.6: Values for IS0 Temperature and Corresponding 
Radiation versus Time for a Fire Compartment 



39 

100- 

A 10- 

E 
C 

\ 
0, 
x 

- 
I -  - 

LY 
0.1 

0.0 I 
1 

2.5 THEORETICAL AND EXPERIMENTAL WORK BY KAWAGOE 

/ [kind of experimental 
1' fire')] 

full smle building 
*I( middle sa le  model 

smll scale model 

. .---- 4 A _--- / "* R=5.5 H"'A8 

- *  

I I , J 

One of the earliest researchers into the behaviour of fully developed 

compartment fires was Dr Kunio Kawagoe of the Building Research Institute of 

Japan. Over a number of years Kawagoe and fellow researchers conducted 

experiments into the parameters affecting compartment temperatures and 

published a number of definitive papers on the subject (Kawagoe 1958, 

Kawagoe and Sekine 1963, Kawagoe and Sekine 1964, Kawagoe 1967, 

Kawagoe 1971). 

Based on theoretical analysis of the flow of gases in and out of a burning 

compartment with a single opening, Kawagoe postulated that the rate of burning 

in the compartment followed the relationship:- 

m. = 5.5 &HX kg/min 

where m 

H 

= the rate of combustion 
= area of opening (m2) 
= height of opening (m) 

A, 
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Based on a simplified analysis of the heat balance in a burning compartment 

backed up by experimental results, Kawagoe's early work showed that the 

temperature in a compartment was dependent on the thermal conductivity of the 

compartment walls as well as a factor he called the "Opening Factor" which was 

defined as:- 

Opening factor = &,H"~A, 

where AT = total internal surface area of the compartment 

From a survey of a large number of Japanese buildings, the typical fire loads for 

various types of residential and commercial buildings were determined. The fire 

loads were given on an equivalent weight of wood per m2 of floor area. Using a 

calorific value of wood of approximately 18 MJlkg and based on experimental 

results which gave a combustion ratio of 0.6, Kawagoe took the wood equivalent 

as being 10.8 MJkg (2575 kcallkg). 

The values obtained from the survey varied from 20 to 600 kg/m2 but for ease of 
analysis, Kawagoe took only two fire loads, 50 kg/m2 for a normal fire and 100 

kg/m2 for a large fire. These are approximately 500 MJ/rn2 and 1000 MJ/mZ 

respectively. 

From the same survey, Kawagoe classified the buildings into nine groups based 

on their opening factors and calculated the theoretical fire duration times for the 

two fire loads. The classifications used are given in Table 2.2 below and the 

resulting time temperature curves taken from the 1963 paper are given in 

Figure 2.8. 
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Class 

A 

B 

C 

D 

E 

F 

G 
H 

I 

Opening Factor 

0.034 

0.05 

0.07 

0.09 

0.10 

0.12 
0.16 

0.206 
0.23 

Fire Duration 

For 100 kg/rn2 

154 

118 

92 

84 

64 

48 

42 

41 
35 

ne, T (min) 

For 50 kg/mZ 

77 
59 

46 
42 

32 
24 

21 

20 
18 

Table 2.2: Classification of Buildings by Opening Factor (Kawagoe) 

It is on this early work by Kawagoe that most of the later work by other 

researchers throughout the world was based. 

In further work Kawagoe re-examined the heat balance equation in more detail 

and allowed for more of the physical factors that affected the compartment 

temperatures. 

These were the:- 

Floor factor F, = QAT 

Where A, = floor area 
AT = total internal surface 

Temperature factor F, = &H'/AT 
(opening factor) 

Fire duration factor F, = F/F, 

re I 
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Figure 2.8: Kawagoe's Estimated Fire Temperature Curves 
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Based on this more refined analysis and more experimental work, a series of 

nornographs were produced which could be used to determine the compartment 

temperature of a particular building based on the physical configuration, the fire 

load and the thermal conductivity of the enclosure. A typical nomograph is 

shown in Figure 2.9, which is taken from Kawagoe's 1967 paper. 

Although Kawagoe's work is now somewhat dated, the approach would still be 

generally applicable. However, a considerable amount of rework would be 

necessary to produce nomographs for New Zealand conditions and it is 

considered that these forms of nornographs would be too complicated to be used 

in a generally simple acceptable solution. 

2.6 SWEDISH FIRE CURVES 

The main problem with the early work in determining compartment temperatures 

was that little account was taken of the effect of different compartment 

geometries, fire loads or the thermal properties of compartment boundaries. In 

addition, the rate of decay of the fire was rarely considered although this could 

have a significant effect on the fire resistance of the structural elements in the 

compartment. 

In 1970, a paper published in Sweden (Magnusson and Thelandersson, 1970) 

outlining a method which took most of these factors into account. Based on a 

comprehensive study of the results of wood fuel fires in compartments and 

building on the work of Kawagoe, a computer model was set up to solve the 

energy balance equation. The model assumed:- 

(a) complete combustion took place within the compartment; 

(b) the temperature was uniform throughout the compartment; 

(c) all internal surfaces had the same heat transfer coefficient; 
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(d) heat flow to and through the compartment boundaries was one 

dimensional and the boundaries could be assumed to be "infinite slabs" 

One of the factors which has a significant effect on the shape of the time 

temperature curve is the energy release rate of the fuel as a function of time. 

The size and length of burning of a fire depends on the fuel, the ventilation and 

the thermal properties of the compartment. Magnusson and Thelandersson 

determined that the only way to establish the shape of the energy release rate 

curve was by analysing experimental data to establish a suitable relationship for 

a best fit curve. Using the results of about 30 full scale fire tests, energy release 

rate curves were determined for use as one of the main input values for the 

computer model. A graph of a typical test result is shown in Figure 2.10 with the 

smaller graph being the energy release rate and the larger showing the 

agreement between the calculated (dashed line) and experimental (solid line) 

temperatures. 

- h  
L Z  a' 06 0.8 IO 

Test A1 
Perencages of the tolal bounding surface m: 
Concrete, 20 cm in thickness, 34.8 per a n L  
Lightweight concrete, 125 an in thickness. 42.2 per unt .  
Concrete, 3 a in thicknm+lighrweight concrete, 10 cm in thicknm, 18.3 pr cent 
Window area 4.7 per cenL 
Opening factor 0.06 m'J2 (I> 0.1 h). 
Dmtion of the fire 0.17 h. 
Fire load 15.1 M a l .  m-a of bounding surface area 

Figure 2.10: Swedish Experimental Time Temperature Curves 



47 

By carrying out extensive calculations, Magnusson and Thelandersson were able 

to produce time temperature curves for the complete combustion process 

allowing for a wide range of fuel loads, ventilation factor, total compartment 

surface area and boundary thermal properties. To simplify the results, the fire 

load and ventilation factor (AJH) were divided by the total internal surface area 

of the compartment. Charts were then produced for seven types of fire 

compartments that had varying boundary materials. Figure 2.1 1 is taken from 

the paper and gives typical time temperature charts for a Type A enclosure. 

Note that t is the duration in hours of the flaming phase of the combustion 

process and q is the fire load density in Mcallm’. The configuration of the 

boundary materials of the seven types of compartments analysed in the paper 

is given in Table 2.3. 

Compartment 

Type F 

Table 2.3: 

Boundary Structure 

~ 

200 mm of a material whose thermal properties 
correspond to average values for concrete, brick 
and lightweight concrete. (Standard compartment) 

200 mm of concrete 

200 mm of lightweight concrete 

50% concrete 
50% lightweight concrete 

50% lightweight concrete 
33% concrete 
17% 13 mm plasterboard (internal) plus 100 mm 
mineral wool plus 200 mm brick (external) 

80% 2 mm uninsulated steel 
20% 200 mm concrete 

20% 200 mm concrete 
80% 2 x 13 mm plasterboard (internal) plus 
100 mm air gap plus 2 x 13 mm plasterboard 
(external) 

Compartment for Swedish Curves 



s i  
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A series of graphs was produced from the charts to enable compartment 

temperatures to be determined quickly based on the fuel load, ventilation and 

compartment types. 

Magnusson and Thelandersson's work was reviewed by Pettersson (1 971 ) and 

later extended by Pettersson et al(l976) to produce an engineering method to 

design steel structures. The charts and graphs in the later publication were 

based on the earlier work, but were in the more widely accepted metric units and 

hence now have more overall acceptability. Figure 2.12 gives typical graphs for 

Type A compartments taken from Drysdale (1985). 

Time (h)  Time ( h )  

1000 - 
0: 800 
3 5 600 

400 

. 200 
0 

0 

c 

1 2 3 4 5 6 
Time ( h l  Time ( h )  

Figure 2.12: Typical Swedish Time Temperature Curves 

Thus the Swedish fire curves give a set of realistic time temperature curves for 

compartment fires as a function of the fire load, the ventilation of the 

compartment and the thermal properties of the compartment boundaries. The 

curves rapidly gained acceptance and have been widely used within the fire 

engineering profession, either in their original state or as modified by 

subsequent researchers. However, although suitable for specific fire 
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engineering design by experienced practitioners, the curves would appear to be 

somewhat complicated for inclusion in the Acceptable Solutions. In addition, 

although they may give accurate compartment temperatures, the userwould then 

be required to undertake further calculations to establish the radiation for each 

specific case and this would be an unwanted complication for the majority of the 

users of the Acceptable Solutions. 

2.7 SIMPLIFIED MATHEMATICAL EXPRESSION FOR COMPARTMENT 

TEMPERATURE BY LIE 

In a paper presented in Fire Technology magazine, Lie (1974) reviewed the 

factors influencing the time temperature curve and noted that a number of the 

factors were very difficult to predict but had a substantial effect on the 

temperatures produced in a burning compartment. He proposed that it was not 

necessary to know exactly what the temperatures were at any point in time but 

rather to be able to find a fire curve for the building which, with reasonably 

probability, would not be exceeded. He further proposed that the most probable 

type of fire for most compartments would be ventilation controlled and as this 

was usually the most severe, this was the only type of fire that need be analysed. 

In order to derive his analytical expressions, Lie used the work of Kawagoe and 

Sekine discussed in Section 2.5 to produce time temperature curves by solving 

the heat balance equation. In his solution, he used the same factor to allow for 

the ventilation conditions, ie: 

He found that the thermal properties of the boundary materials did not have a 

great influence on the curves unless there was a large variation in the properties. 

He proposed that only two types of boundary conditions need be considered:- 

(a) Heavy materials such as concrete, brick, etc. with a density greater than 

1600 kg/m3 
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(b) Light materials such as lightweight concrete, plasterboard, etc. with a 

density of less than 1600 kg/m3. 

Figure 2.13 shows the time temperature curves for a heavy wall compartment for 

various opening factors. 

1400 I 1 I I I I I 

1 I I I I I I I I 
1 3 4 I d I I O I 

l l M E  HOUa 

Figure 2.13: Lie's l ime Temperature Curves for Heavy Walled 
Compartment based on Heat Balance 

By analysing the curves, Lie was able to derive a mathematical expression that 

reasonably described them. That expression was: 

. 
T = 250 (1 e-" 1 - - (1 - ea) + 4( 1 - e-121) + C 0 1 
Where T = fire temperature ("C) 

t =time (hrs) 
C = constant based on boundary materials. 
C = 0 for heavy material (P> 1600 kg/m3) and 
C = 1 for light materials (Ps 1600 kg/m3) 

Figure 2.14 shows the comparison of the curves produced by the analytical 

expression with those derived from the solution of the heat balance equation for 

lightweight boundary materials. 
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I 2 3 4 I b 7 8 
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Figure 2.14 Comparison of Time Temperature for Light Walled 

Compartment obtained from Heat Balance and Mathematical Expression 

Although the expression produced curves that tended asymptotically to a 

maximum temperature after a long duration, all fires will start to decay once the 

fuel is consumed. Based on Kawagoe's rate of burning expression: 

R = 330AH" 

Where R = rate of burning in kilogramslhour 

Lie showed that the length of the burning phase of a fire was given by: 

t =Q 
330F 

Where Q is the fire load per unit area of total internal compartment 

surface (kg/m*) 

After the time f ,  the time temperature curve starts to decrease and Lie derived an 

expression for the typical decay rates. A typical resultant graph of the time 

temperature curve is shown in Figure 2.15 for a compartment with heavy 

boundary materials and an opening factor of 0.05. 
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Figure 2.15: Characteristic Temperature Curves from Lie 
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By comparing his expression with the results of numerous experiments, Lie was 

able to confirm that it produced curves that were reasonably conservative. A 

typical comparison with experimental results is shown in Figure 2.16. 
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< - U E A S U l t D  A I  S E V E R A L  P L A C E S  
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L 
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Figure 2.16: Comparison of Experimental and Analytical 

Time Temperature Curves 
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Although it is relatively simple to produce curves from the Lie expression using 

a spreadsheet, the complications mentioned in earlier sections still apply and 

therefore rule out the method for use in a simple Acceptable Solution. 

2.8 BABRAUSKAS'S APPROXIMATE METHOD FOR PREDICTING 

COMPARTMENT TEMPERATURES 

After undertaking detailed theoretical analysis and experimental verification of the 

post flashover compartment temperatures Babrauskas (1 978) developed a 

computer programme, COMPF2, to calculate the characteristics of a single 

compartment fire with ventilation through a single opening (1979). This computer 

model will be reviewed later in this chapter. After this work, Babrauskas wanted 

to provide a simple calculation method that produced results that fairly accurately 

agreed with the compartment temperatures predicted by detailed numerical 

analysis using computer methods. 

From his earlier review of the theory, Babrauskas determined that the 

compartment fire temperature was principally influenced by the following 

variables: 

(a) Fuel release rate 

(b) 

(c) 
(d) Combustion efficiency 

(e) 

(9 

Ventilation opening size and shape 

Room wall and ceiling thermal properties 

Heat of combustion of the fuel 

Effective emissivity of the fire gases 

By selecting suitable approximate expressions to account forthe abovevariables, 

Babrauskas then curve-fitted these expressions to results produced by COMPF2. 

The expression Babrauskas produced (1981) was: 

T, = T,+ (1725 - T,) .e,.e,e,e,.e5 
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Where: T, is the fire temperature 

T, is the ambient temperature (“C) 

8, - are efficiency factors as detailed below 

0, Burning Rate Stoichiometry 

This variable accounts for the heat release rate for the fuel and Babrauskas 

produced various expressions for general fuel types, wood cribs and pool fires. 

The expression compares the actual burning rate with the burning rate at 

stoichiometry where just sufficient air is provided to fully bum the fuel without 

residual fuel or air remaining. A dimensionless variable @ known as the 

equivalence ratio is defined as: 

where Q 

and Q, 

= the actual heat release rate 

= the stoichiometric heat release rate. 

For general conditions: 

Q, = 1500 AJH 
so$ = Q 

1500 AJH 

Where A = area of opening 

H = height of opening 

For situations where there is excess air, the burning is said to be fuel lean and 

(tJ is less than 1. In these situations, 

e, = I .o + 0.51 In@ 

Where there is excess fuel, known as fuel rich, @ is greater than 1 and 

e, = I .O - 0.05 (In@)” 

A graph for determining 8, is given in Figure 2.17 
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Figure 2.17 Effect of Equivalence Ratio (SFPE) 

€I2 Wall Steady State Losses 

This factor accounts for important variables involving the compartment surface 

properties: area AT (m’), thickness L (m), density p (kglm’), thermal conductivity 

k (kW/m.K), and heat capacity C, (kJlkg.K). 

This factor is given as: €I2 = 1 .O - 0.94 exp - AJH 73 C ‘/r [k) (JI 
and this is shown in Figure 2.1 8. 

0.7 

0.6 

0 5  

0.4 
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VALUES FOR 
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1 

Figure 2.18 Effect of Wall Steady State Losses (SFPE) 

8, Wall Transient Losses 

If a transient temperature is required, the steady state value given above must 

be modified by a factor which is based on the Fourier number and from curve 

fitting was derived as: 
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1 .Or 

- 
.row - -  - 

9, = 1.0 - 0.92 exp 

This expression is shown in Figure 2.19. 

Note that if steady state conditions are required 0, = 1.0. 

n 

- I 1  -04, = 0.205h0.3 

Figure 2.19 Effect of Wall Transient Losses (SFPE) 

e4 Opening Height Effects 
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CIS Combustion Efficiency 

In evaluating the heat balance equation, a fire compartment is generally 

considered as well stirred reactor. However, in actual fires. this is not the case 

and there is always some degree of non mixing which reduces the compartment 

temperature. A maximum combustion efficiency b, can be used to reflect the 

degree of non mixing. No actual experimental values for b, have been 

determined, but agreement with the measured temperatures in real fires can 

generally be obtained with values of b, in the range of 0.5 to 0.9. The effect of 

variation in b, is given by: 

e, = 1 .O + 0.5 Inb, 

as shown in Figure 2.21. 

Figure 2.21 Effect of Combustion Efficiency (SFPE) 

After extensive comparisonswith the results obtained from COMPF2, Babrauskas 

found that there was good correlation with the results for both ventilation limited 

and fuel rate limited fires. The results of the approximate method generally agree 

within 3% of the COMPF2 values. Figure 2.22 shows the comparison between 

the approximate method and the COMPF2 results for a wood crib fire in a 200 mz 

compartment with a 2 m x 2.5 m wide opening in one wall. 
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m 

Irn "I 
Figure 2.22 Comparison of COMPFZ and Approximate Method 

Thus, by using the series of graphs given in Figures 2.17 to 2.21, it is relatively 

simple to produce a compartment fire temperature that would be sufficiently 

accurate for use in the radiation calculations. However, the method still requires 

a significant degree of engineering knowledge and experience to determine the 

various parameters needed in establishing the factors. Therefore, although the 

method is relatively simple and probably advantageous for fire engineering 

professionals, it is not suitable for a generalised method necessary for the 

Acceptable Solutions. 

2 9  EUROCODE PARAMETRIC FIRE 

As part of the move to have common European standards, as required by the 

European Commission, the European Committee for Standardisation (CEN) 

produced Eurocode 1 Par! 2-2 "Actions on Structures exposed to Fire" (EC1 

1995). The document provides a formula for calculating a fire timeltemperature 

curve that was considered to be more in line with the behaviour of real fires in 

buildings. The formula takes into account the main parameters that were 

considered to influence the growth and development of fires, ie. fire load, opening 

(ventilation) factor, area of the enclosure and thermal properties of the enclosure 

boundaries. As indicated by Buchanan (1998), the formula was an attempt to 

approximate the Swedish curves discussed in Section 2.6 earlier. 
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The ECI method divides the fire development into b o  phases, a heating phase 

and a decay phase. The time temperature curve for the heating phase is given 

by:- 

To = 1325 (1-0.324e4* - 0.204e’’.w - O.472e-lw) 

where t’ is the modified time given by:- 

t* = t (FJ0.04)2.(1160/J(kpc))2 

F, is the opening factor given by:- 

F, = &JHl&. 

The heating phase continues for a time td given by: 

td = .00013q, (FJO.O4)’.(1 160/J(kp~))~. 1 
(F” 1 

where k = thermal conductivity of the compartment‘s boundaries 
c = the specific heat of the compartment boundaries 
p = the density of the compartment boundaries 
qt = the fire load per unit area of the total area of the enclosure. 

The dewy phase of the curves is taken as linear and is based on the duration of 

the heating phase. Typical graphs produced by the Eurocode formula are given 

in Figure 2.23. 

IS0 834 
~ ___.__ _. -.-.-.-. 

0 10 20 30 40 50 60 70 80 90 100 110 120 
Time (rnln) 

Figure 2.23 Typical Time Temperature Curves for Eurocode Parametric Fires 
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Although the EC1 formula has a sound scientific basis, its validation was with 

experimental test fires performed in small compartments. There has been some 

debate on the validity of the linear short term decay phase with respect to real 

fires. Comparing the time temperature curves predicted by EC1 with the 

experimental test results for large scale compartment fires, Clifton (1 996), for 

tests carried out by BHP in Australia, and Wang (1996), for tests carried out at 

Cardington, both showed that the decay phase of real large scale fires was 

generally much more extended than that predicted by ECI. Figure 2.24 shows a 

typical result given in Wang's paper for the Cardington tests. 

Figure 2.24 Comparison of ECI Fire Curve with Experimental Results 

Although the shape of the decay phase is important when considering the fire 

resistance of structural elements in a compartment, for calculating the maximum 

compartment temperature for radiation effects these refinements are not 

necessary. 

Although the EC7 formula can be readily calculated using spreadsheets, it is far 

too complicated to be used in an Acceptable Solution. A possible alternative 

based on the ECI would be the nomogram proposed by Franssen (1996) shown 

in Figure 2.25. Although this nomogram takes out some of the complications of 

the formula, there is still a substantial degree of calculation and knowledge 



62 

required. For this reason, it is not considered applicable to an Acceptable 

Solutions type of approach. 

/------ 

Figure 2.25 Nomogram for ECI 

2.10 BARNETT'S BFD CURVES 

In a presentation at the 1996 IPENZ Conference, Bamett proposed the use of a 

design time temperature curve which he termed a "BFD curve" (Bamett, 1996). 

The curve is based on the formula: 

T,=T,.e lo t - l o  t (W +T1 
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where T, = the ambient temperature "c 
T2 = the temperature at any time t "C 
T, = the maximum temperature generated "C 
t = time from start of fire (min) 
t, = time at which T3 is reached (min) 
f = growth factor fo, or the decay factor f, 

The method was principally designed to be used to determine the fire resistance 

of structural members in a compartment fire. 

The presentation was based on an earlier paper by Bamett (1995) which 

described the preliminary theories behind the BFD curves and showed that by 

judicious choice of the various parameters of the equation, other design curves 

such as the Swedish curves or the IS0 curve could be generated. For example, 

Figure 2.26 shows the Swedish (Building Type A curves) compared to the BFD 

curves modelling the 50 and 500 MJlm' fire loads. 

1 2 3  5 6 
time (h) 

1000 

800 

600 

400 

200 

0 
0 1 2 3 4  5 6 

Swedish Curves BFD Curves. 

Figure 2.26 Comparison of Swedish Curves and BFD Curves 

In addition to design curves. BFD curves can also be used to model the results 

of experimental test fires. As an example, Bamett used the results reported by 

Kirby (1994) to model the large scale wood crib fire tests carried out at 

Cardington. An example of this modelling is shown in Figure 2.27 with the 

markers being the test results and the solid line the BFD curve. 
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Figure 2.27 Comparison of Experimental Results with BFD Curves 

A sample of some of the parameters that Bamett has derived for various design 

and experimental fires are given Table 2.4. 
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Time Temperature Curve 

IS0 834 

Swedish Curve - Growth 

500 MJ/MZ Decay 

Cardington Test 2 

Cardington Test 5 

Car Test 

BFD Parameter 

T3 t. fa fd 

1400 9700 -65 - 

1575 37000 -80 - 

1018 105 - -29 

1100 29 -0.8 -0.8 

1160 39 -1.6 -1.6 

590 13 -1 .o -1 .o 

Table 2.4 BFD Parameten for Fire Curves 

Although the BFD curve method proposed by Barnett appears as though it may 

be a valuable design tool for fire engineers in the future, the theory has still to be 

defined and the method is not suited for simplified use as required for an 

Acceptable Solution. 

2.11 COMPUTER MODELLING OF COMPARTMENT FIRES 

Computer modelling of compartment fires is a specialised field and completely 

outside the realms of an Acceptable Solution. However, for the sake of 
completeness several of the computer models readily available are briefly 

described. 

Although computer programmes were used for calculating post flashover fire 

temperatures by Kawagoe (1 967) and Magnusson and Thelandersson (1 970), as 

described in earlier sections of this chapter, the most enduring and widely 

accepted of the early computer programmes is COMPF2 by Babrauskas (1 979). 

A detailed review of COMPF2 has been carried out by Wade (1995) and the 

programme has been used by researchers in New Zealand such as Thomas 

(1995). Figure 2.28 shows a graph of the type of fire time temperature curves 

generated by COMPF2. 
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Time (min) 

Figure 2.28 Time Temperature Curves obtained from COMPF2 

A master's research project is presently underway by Feasey (1 998) to determine 

a methodology for using COMPF2 for typical New Zealand conditions. 

Of the more recent computer programmes in general distribution, the most 

frequently used are FPEtool, CFAST and FASTLite. The earliest of these 

programmes is FPEtool, which contains a fire modelling module called "FIRE 

SIMULATOR which is described in the NlST manual by Deal (1993). 

Considerable testing was done by a number of researchers such as Nelson and 

Deal (1991 ) to verify that analysis using FPEtool provided reasonable 

approximations to experimental test data. Based on the testing it was considered 

that a reasonable level of confidence could be placed on the model, at least for 

one room configurations. 
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CFAST is a more refined model that allows for a number of parameters not 

available in FIRE SIMULATOR such as interconnected rooms, ceiling vents and 

fans. The use of CFAST if described in the manual by Peacock (1997). Again, 

numbers of researchers have carried out experimental verification tests of 

CFAST. In work by Dembsey (1 995) it was found that CFAST tended to predict 

hotter compartment temperatures than were achieved in the experiments, but as 

this was a conservative result it was considered satisfactory. 

Because of the good agreement with test results CFAST has been used in 

conjunction with other programmes to predict the fire resistance of different 

building elements rather than undertaking full scale testing. Lin (1 997) reports 

on analysis undertaken to predict the thermal and structural performance of 

timber framed walls exposed to simulated office fires. 

Although CFAST is a more robust model than FIRE SIMULATOR, it is 

substantially more complicated to use and in an attempt to provide a more user 

friendly tool NlST produced FASTLite which has a range of applications similar 

to FPEtool but which has a fire growth model that is a simplified version of the 

CFAST zone model. The user manual for FASTLite was provided for NlST by 

Portier (1 996). A paper by Buchanan (1998) describes in detail the way in which 

FASTLite may be used to model post flashover fires. Figure 2.29 shows the time 

temperature curves produced by FASTLite for a compartment with a constant 

window size and a varying fuel load and vice versa. Buchanan compares the 

output from various FASTLite runs with the time temperature curves produced in 

the Swedish curves and using COMPF2, and concludes that the temperatures 

produced by FASTLite are higher than those of the other methods. At the 

conclusion of his paper, Buchanan makes a number of recommendations for 

suggested improvements to the FASTLite programme to enable additional 

flexibility of input, improved modelling of the fire temperature curve and 

remedying of a number of software bugs. 
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Figure 2.29 FASTLITE Generated Fire Curves 

2.12 RECOMMENDED METHOD OF DETERMINING EMllTED RADIATION FOR 

THE ACCEPTABLE SOLUTIONS 

The majority of the methodsfor establishing compartment temperatures reviewed 

in this chapter and in the extensive background research carried out for this 

report are not considered suitable for use as the basis for radiation calculations 
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for an Acceptable Solution for boundary separation. Although the methods are 

very valuable and can be used to great benefit by experienced professionals for 

specific circumstances, they are generally aimed towards providing information 

for establishing fire resistance of structural members. The reasons for rejecting 

the various methods are one or more of the following: 

Requires extensive computation 

b Requires detailed fire engineering knowledge to choose correct values for 

variables . Requires compartment variables to be specified to a greater extent than 

is practical for a building that may vary in the future 

Any method to be used for an Acceptable Solution must be capable of being 

quickly and easily used by people who have no fire engineering knowledge or 

training and who do not wish to be involved in the intricacies of extensive 

mathematical computations. From the review carried out for this report and from 

several years of practice, it is considered that the present Acceptable Solution 

method in which prescribed radiation values (or compartment temperatures) are 

used is probably the most suitable for a generalised, easily used solution. 

However, it is considered that the present method using only two gradations of 

radiation is too coarse and the values used are not generally consistent with 

results obtained from more rigorous analyses. 

It is proposed that four values of emitted radiation be used based on the fire 

hazard categories defined in the present Acceptable Solutions and described in 

Section 1.3 of this report. 

Appendix B of this report compares the compartment temperatures obtained 

using a number of the methods described in this chapter for a typical moderate 

sized room with a range of fire loads. It is acknowledged that this is for a specific 

configuration but the results show a spread of values with the highest being 

approximately 20% higher than the lowest value in each case. The values 
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obtained using the standard I S 0  curve approach described in section 2.4 were 

generally midway in the range of results. 

As has been indicated earlier, the standard fire curves are used to define the time 

temperature curves to be produced in furnaces to test the fire resistance of 

building materials and elements. The concept was first introduced in 1916 and 

the values used were based on temperatures obtained in early ad hoc testing 

carried out using wood fires (Drysdale). The standard fire curves are generally 

not consistent with the time temperature curves obtained from actual 

compartment fire tests. However their use in defining a temperature to be used 

to establish an emitted radiation values has several advantages:- 

The concept of standard fire curves is already accepted. 

The standard fire curves are already defined and values can readily be 

obtained from simple equations. 

The fire resistance of external walls is already considered in the 

Acceptable Solutions and the approach has been readily accepted by 

users. 

The values obtained using the method are not inconsistent with the results 

of more rigorous theoretical analyses based on experimental results. 

Based on the above, it is considered that using the temperatures obtained from 

the I S 0  834 standard fire curve to generate emitted radiation values is an 

acceptable compromise to the various methods that have been reviewed. 

Using the design values of FLED for each of the Fire Hazard Categories the fire 

resistance ratings for typical compartments were obtained from Table 1 of 

C3lAS1, and with some degree of rounding of the values, the typical ratings are 

30 min, 60 min, 90 min and 120 min for FHC I to 4 respectively. 
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Using an ambient temperature of 20°C the resulting IS0 curve temperatures were 

determined and from these, emitted radiation values calculated. The figures are 

given in Table 2.5 below together with the rounded proposed radiation values to 

be used in the Acceptable Solution. 

Fire Fire 
Hazard Resistance 

Category Rating (mm) 

1 30 

2 60 

IS0 Curve Exact 
Temperature Radiation 

("C) (kw/m2) 

842 87.2 

945 125 

H 3 I 90 I 1006 I 151 

4 120 1049 173 

Radiation "_ 
Table 2.5 Proposed Emitted Radiation Values 
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CHAPTER 3: HEAT RADIATION TRANSFER 

Once the radiation intensity being emitted by the fire compartment has been 

established, it is necessary to consider how that radiation is transferred to the 

target building. A considerable number of factors are involved which can either 

increase or decrease the effect of the radiation and these will be considered in 

this chapter. 

3.1 FLAME PROJECTION 

As was stated in Chapter 2, this report deals with fires that have flashed over and 

are in the fully developed burning phase of the fire curve. In this situation, it is 

usual for flames and hot gases to be emanating from any openings which do not 

have fire rated closures over them. As can be readily observed from both fire 

tests and actual fires, the height of these flames above the window and the 

horizontal distance that they project out from the face of the wall can be quite 

considerable. The NZBC Acceptable Solutions, like the regulations of most other 

countries apart from Canada, do not allow for the effect of flame projection and 

the purpose of this section is to see whether this is valid. 

In his paper reviewing spread of fire from compartments, Quintiere (1 979) cites 

experiments done in 1958 by the National Research Council of Canada where a 

number of full scale fire tests were carried out on buildings in the town of 

Aultsville (Shorter 1960). These tests are often referred to as the St. Lawrence 

Bums. In these tests, the radiation measured outside the burning buildings was 

considerably higherthan the figure calculated from the compartment temperature 

and the window opening. Although there were other factors involved, one of the 

principal reasons for the higher values was considered to be the large flames 

projecting from the windows and the burning of the exterior cladding above the 

windows. 
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In later work, Law (1968) carried out full scale fire tests to specifically investigate 

radiation from fires in a compartment. Radiometers were placed outside the 

opening in the fire compartment with one of the radiometers being shielded from 

any flames projecting above the height of the window. A number of tests were 

carried out using varying fire loads and window areas and the results were used 

to review a number of the factors influencing radiation from a burning building. 

The tests showed that for the large opening, which was about half of the wall 

area, the difference between the total radiation measured and that coming from 

the window alone was not significant except at high fire loads. For the tests with 

the opening being a quarter of the wall area, the flame radiation became more 

significant with the difference in the maximum radiation values being 25% of the 

total radiation. However, the effect of the fire load and the window size on the 

radiation measured outside the building was much more significant than that of 

the flames. From a statistical analysis of the results Law concluded:- 

"The extra radiation from flames outside the openings was not large 

enough to warrant altering the recommended separation distances on 

which present building regulations have been based." 

Figure 3.1 shows the total radiation and window only radiation for the various 

tests. 

In later work in association with Thomas (1974), Law again looked at the effect 

of flame projection but this time on external structural steelwork located outside 

the opening of a burning building. In this paper, they reviewed the work on flame 

projections done by Yokoi (1 960), Webster and Raftery (1 959) and Seigel(1969). 

This work had shown that the widthlheight ratio of openings had an important 

effect on the flame trajectory. With wide windows the flame does not project far 

from the wall and clings to any wall above, while with the narrow openings the 

projection is further as it is easierfor air to enter between the wall and the flames 

when the flame front is narrow. Using empirical correlations of the data produced 

by the earlier researchers, Law and Thomas derived an approximate fomula for 

the height of a flame above a window as:- 
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where R is the rate of burning (kglsec) 

H is the height of the window 

W is the width of the window 

Figure 3.1: Radiation from Windows and Flames from Law's Tests 

It was noted in the Law and Thomas paper, that the above formula for flame 

height tended to give larger values than those found in experimental work. For 

a later paper in conjunction with OBrien (1981), the correlation was revised to:- 

z + H = 12.8(;7 
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which seemed to better agreement with the experimental results. In this later 

paper Law and OBrien also provided correlations for calculating the flame 

projection out from the face of a wall for situations where there is a wall above the 

window:- 

for H < 1.25 W (most situations) 

P = V3H 

for H > 1.25 W 

P = 0.312 HIHW” + - H 
3 

(Note that in many texts the last term, H is usually neglected.) 
3 

As in the previous paper, the emphasis in this paper was to determine the effect 

of flame projections on steel members outside the opening. It was not considered 

that flame projections need be included in boundary separation considerations 

for a number of reasons. These were:- 

Separation distances are based on the areas of unrated wall rather than 

only windows. Although the glass windows may break and allow flames 

to project out of the opening, the non fire rated sections of wall will 

withstand the effect of the fire for some time before allowing flames 

through. 

Separation calculations are usually based on a maximum intensity 

radiating from the entire unrated area for the full length of time, which 

tends to produce an overestimate of the radiation flux reaching the 

neighbour. 

Based on the results of the .%.Lawrence Bums, Canada is one of the few 

countries which incorporates a flame projection distance in its standard charts for 

building boundary separations. Following a research programme for the National 

Research Council of Canada, Yung and Oleszkiewicz (1988) reported on the 

results of full scale fire testing for fire spread by exterior walls. 
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The first full scale test was to determine the effect of combustible claddings 

above an opening through which flames were projecting. The radiometers were 

placed on an adjacent wall three metres from the opening at various positions 

above the opening. Different types of cladding material were used above the 

flaming opening and the results of the tests are shown in Figure 3.2. As 

expected, the radiation from the flames deweased with the height above the 

opening and increased with the combustibility of the wall cladding of the emitting 

building 

6.0 m J 

4.7 m- 

E - 
3.4 m- : 

2.1 m- 

3.0 m , 

Wiuu H.U F b i  t W h 2  

Maximum radiant heat flux recorded by radiometers on target mast, full-scale 
tests: Marinite, o gypsum sheathing, m assembly showing limited 
flame spread, assembly showing flame spread to the top of the wall 

Figure 3.2: Radiation from Flames 

The paper also reports on a full scale fire test conducted to assess the fire 

spread potential to a neighbouring building located 1.8 m away from a flaming 

opening, with both buildings having combustible cladding. The test set up and 

results are shown in Figure 3.3. 



TWO- STOREY F A C I L I T Y  FRONT VIEW O F  TARGET WALL 

Full-scale fire spread test setup 
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6 0  

n 
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- 
2 0  - 

- 

TIME. M I N  

Heat flux at target wall 

Figure 3.3: Canadian Radiation Testing for Flaming Opening 
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The fire was started with the window glass in place. At 2.5 minutes the glass was 

manually removed after it had cracked. This is Point A on the graph. Prior to this 

time, the radiation flux on the target wall was insignificant. At Point B flashover 

occurred and flames and hot gases started issuing from the opening. The facade 

above the window ignited and at 4 minutes 40 seconds the flux readings on the 

target wall were 29 kW/m2 at the opening, 38 kW/m2 at 1.5 m above the centre 

of the opening and 55 kW/m2 at 3.0 m above the centre. These figures are all 

well above the normally accepted heat flux for non piloted ignition of combustible 

cladding of 25 kW/m2 and shortly thereafter the target wall ignited. This is 

Point C on the graph. At this point, the fire room temperature was relatively 

uniform at about 1000°C. If the results of the experiment are compared to a 

FIRECALC analysis based on the experimental configuration and assuming 

radiation coming only from the window, the maximum radiation directly opposite 

at a distance of 1.8 m would be 11 kWlm2 compared with the 30 kW/m2 obtained 

in the test. This intensity of radiation would be achieved if it was assumed the 

window was located one metre away from the target wall. To check the effect of 

the flame projection, the same test was carried out with a fire window over the 

opening and the maximum radiation on the target wall was only 5 kW/rn2. This 

agrees well with the FIRECALC analysis, assuming 50% attenuation through the 

fire window glazing. 

In a paper presented to the second international symposium of the International 

Association of Fire Safety Science Barnett (1 988), proposed that if specific flame 

projection and flame temperature calculations were not carried out an additional 

two metres should be added to the required building separation to allow for the 

effect of external flaming. However, from the example analysis given in 

Appendix C of this report, it can been seen that the effect of external flames for 

a typical sized window would be to increase the separation by only 0.32 m. 

Although larger flame projections from tall narrow windows and from larger 

overall radiators may occur, the figure of two metres proposed by Barnett would 

appear to be overly conservative. An increase of 1.2 m in the building 

separation, as used in the Canadian Code would appear to be more applicable, 
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but for ease of calculation and as the present Acceptable Solutions do not 

include any allowance at all, projections of 1 .O m are proposed for Fire Hazard 

Categories 3 and 4 and 0.5 m Fire Hazard Categories 1 and 2. The large 

projection for the higher categories is because the higher fire loads will result in 

ventilation controlled burning with significant external flaming. 

3.2 EMlSSNlTY 

Methods for calculating the emissivity of flames projecting from a burning 

compartment are described in Appendix C. However when considering the 

radiation coming from the openings of a burning compartment, all of the 

researchers included in the reference list advocate the use of an emissivity equal 

to 1.0. This was particularly noted in the work done by Law for Fire Research 

Technical Paper No.20 (1 968). in which she states that the compartment should 

be assumed to be a black body when determining the radiation being emitted 

through any openings. In the literature review undertaken as part of this project, 

no references could be found to just i i  a value for the emissivity of less than 1 .O. 

3.3 CONFIGURATION FACTORS 

The intensity of radiation received on a surface remote from the emitter can be 

found by using an appropriate "configuration factor", which takes into account the 

shape of the emitter, the shape of the receiver and the geometrical relationship 

between the two. Values of configuration factors are given in most heat transfer 

texts, such as Incropera and de Witt (1970) or Howell (1982). In essence the 

configuration factor is the factor by which the value of emitted radiation is 

multiplied by in order to achieve the maximum received radiation. For the values 

used in the Acceptable Solutions, a configuration factor of 0.075 is used for the 

higher intensity fire and a factor of 0.1 5 is used for the lower value of emitted 

radiation. 

The boundary separation tables of the Acceptable Solutions, like those of most 

other countries, assume that the receiver is located opposite the centre of a 
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rectangular emitter. The configuration factor for this situation is given as part of 

the analysis of the C3 tables outlined in Appendix A of this report. For situations 

where the entire facade of the rectangle is assumed to be on fire, the 

configuration factor method is accurate and relatively straightfoiward. However, 

when there are number of openings in a fire rated wall the configuration factor 

method must be applied with care. As set out in the original paper by Law 

(1 963), configuration factors for walls with regularly spaced openings can be 

based on the proportion of the area of the unrated openings compared to the 

overall wall area. However, if a wall has an uneven distribution of openings or 

widely spaced openings, the effect of increases or decreases in the proportion 

of unrated area to overall wall area must included. In the early work to produce 

spatial separation tables using the overall configuration factor method such as 

that by McGuire (1965), a considerable amount of manual computation was 

required to produce the tables and consider any local variations. With this 

amount of manual computation came the inherent risks of errors. To allow more 

rapid calculation of spatial separation and consideration of the effects of non 

uniform openings, Williams-Leir (1966 and 1970) proposed various 

approximations that gave relatively close agreement to the exact calculations 

using the configuration factor method. However with the advent of easily 

accessible computers and spreadsheet programmes, the drudgery of hand 

calculations has been eliminated and the effect of local concentrations of 

openings can be rapidly assessed, as shown in the spreadsheet included in 

Appendix A. 

Based on the above, it is considered appropriate to continue to use the 

configuration factor method assuming a rectangular radiator as used in the 

Acceptable Solutions, but with the proviso that the effects of a non uniform 

distribution of openings must be considered. 

3.4 WIND 

In the C3 tables of the Acceptable Solutions the effect of wind on flame 

projections is not taken into account and this is the case for the spatial separation 
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tables used in most other countries. As reported by McGuire (1965) the 

St.Lawrence Bums, which were the basis forthe Canadian regulations, indicated 

that wind direction and speed had a significant effect on the radiation received 

outside the building. The experiments were carried out in windy conditions with 

wind speeds of up to 22 km/hr. It was found that the radiation levels on the 

leeward of a building were, in general, much greater than those on the windward 

side. In spite of this, the Canadian regulations do not include the effects of wind 

in the derivation of their tables. 

The effect of wind is difficult to generalise. If the building has a through draught, 

flames projecting out of the openings on the leeward side will be longer but 

possibly cooler. For wind parallel to the wall, the flames will be deflected along 

the wall thereby reducing the forward projection and again causing cooling. 

Law (1968) reported on small scale tests in which air was blown into 0.5 m3 
compartments containing burning wood cribs. It was concluded from the model 

tests that burning rates would differ by less than 70% for wind speeds of up 

29 kmlhr. Law concluded that the large volumes of received radiation recorded 

in the St.Lawrence Bums may have been the result of through draughts in the 

Canadian buildings which typically had fewer internal walls. To support this 

conclusion, she reported on full scale house fire tests carried out in 1949 where 

there was a marked increase in flames out of the leeward windows once the 

internal partitions had collapsed. This did not occur until very late in the fire 

tests. 

Although high winds may promote spread of fire by transporting flaming brands 

for some distance from the original fire, this aspect of fire spread is not 

considered as part of this report. Because of the difficulty in generalising the 

effects of wind on flame projection, flame temperature and compartment 

temperature, it is not considered that the potential effects need be included in 

standard tables designed for generalised use throughout the country. The 

allowance of 0.5 m and 1 .O m for flame projection proposed in Section 3.1 above 

would cater for the effect of wind to some extent. Although the flame projection 
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may get greater once internal partitions have collapsed and a through draught 

develops, this is likely to occur very late in the fire at which time the Fire Service 

should have intervened in most urban situations. 

3.5 TRANSMISSIVITY 

Transmissivity is also known as absorption and is normally given a value 

between 0 and 1. It represents the partial attenuation of the radiation energy by 

absorption while travelling between the source and the receiver. The absorption 

can take place in the atmosphere, water spray or in building materials such as 

glass. Although there are methods for calculating the transmissivity through all 

of these media, this would wme under realms of specificfire engineering design 

and is beyond the scope of the Acceptable Solutions. 

It should be noted that atmospheric absorption increases with increasing relative 

humidity of the air. Under normal circumstances, there is a less than 10% 

decrease in received radiation for separation distances up to 20 m and therefore 

it is normal practice to assume a value of 1 .O for transmissivity. 

3.6 FIRE SERVICE INTERVENTION 

As described in Section 1.5, the majority of overseas codes reviewed derived 

their required separation distances on the basis that the fire service would attend 

within a short period (under 10 minutes) and begin wetting down adjacent 

buildings that might be at risk. This is also true of the Acceptable Solutions, 

although it is not stated anywhere in the document. 

As the vast majority of cases where radiant ignition of adjacent property may 

occur will be in urban built up areas, it can be expected that the New Zealand 

Fire Service will be in attendance within 10 minutes. Therefore it would appear 

reasonable to continue to allow for this in establishing revised separation 

distances. 
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CHAPTER 4: SPECIFICATION OF CRITICAL SEPARATION DISTANCES 

4.1 MIRROR IMAGE CONCEPT 

The Building Code Acceptable Solutions, like most other countries, specify 

boundary separation distances in the tables. This is on the basis that the 

boundary distance is half the separation distance at which the received radiation 

would be 12.6 kW/m2. This is known as the "mirror image" concept. The 

supposition is that two similar buildings, one the mirror image of the other, are 

placed equidistant either side of the property boundary such that the distance 

between them is the correct separation to limit the received radiation on either to 

12.6 kW/m2. 

However, in practice, when a new building is being designed the position and 

nature of any potentially exposed neighbouring building may not be known. If a 

neighbouring building does exist, it is most unlikely that it will be mirror image of 

the proposed building and has the same boundary separation. There is always 

the possibility that any existing building may be demolished and a building with 

totally different radiation characteristics and boundary separation may be 

constructed. In these circumstances, it is not considered appropriate that the 

actions of a neighbour should require an owner to upgrade his own building. 

In Law's original paper (1963) on which the British and hence the New Zealand 

separation tables are based, she discussed the problem and admits that for 

dissimilar buildings the mirror image concept may result in received radiation 

intensities greater than the limiting criteria. 

4.2 EXAMPLE OF MIRROR IMAGE CONCEPT RESULTING IN A DANGEROUS 

SITUATION 

As an example of the problems that may occur, consider the situation shown in 

Figure 4.1. 
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Figure 4.1: Mirror Image Concept 

Building 1 is erected initially and is 4 m high by 15 m long. The wall adjacent to 
the boundary is predominantly of concrete blocks but selected panels, uniformly 
distributed along the length, are of timber framing with cedar shingles. These 
unrated areas amount to 35% of the wall area. From the spreadsheet analysis 
given in Appendix D a boundary separation of 2 m would be required to comply 
with the Acceptable Solutions. Subsequently, a building is built on the 

neighbouring property of similar size but, in this case, the wall facing the 
boundary is completely unrated. In order to comply with the mirror image 

concept, this building must be located 4.8 m from the property boundary. The 

final configuration results in a total separation between the two buildings of 6.8 m. 
From the FIRECALC analysis given in Appendix D, it can be seen that if Building 
I is on fire the radiation received on Building 2 is only 7.0 kW/m2. However, if 
Building 2 bums, the incident radiation on Building 1 is 20.0 kW/mz, which is 
substantially more than the limiting value of 12.6 k W h 2  assumed by the 

Acceptable Solutions. 

In her paper, Law suggests that the onlyway to ensure that all possible situations 
are made safe is to limit the radiation at the boundary to 12.6 kW/m2. Law rejects 
this idea as being overly conservative and likely to result in either large amounts 
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of wasted land or much higher building costs to provide fire rated walls. In a 

private communication, Law (1998) advised that the mirror image concept was 

adopted because under the British regulatory system the design of a building on 

one lot could not be legally made dependent on the location of a building on 
another property. In practice it had been found that the mirror image concept 

generally followed the "swings and roundabouts" principle. 

4.3 LIMITING DISTANCE CONCEPT 

In spite of the wide use of the mirror image concept, the example above 

illustrates that it is relatively easy to produce situations where the received 

radiation on a building is substantially higher than the accepted limits and the 

difference would have been substantially more if the buildings were of different 

sizes as well as different configurations. In most countries, the building 

regulations stipulate a minimum boundary separation below which boundary walls 

are not permitted to have unrated openings and the claddings are to be 

incombustible. In New Zealand this limiting distance is 1 .O m. If any building is 

constructed on an adjacent property closer than this distance to the common 

boundary. it can be assumed that the wall will have a fire resistance rating of at 

least 30 minutes and will be rated from both sides. As such, it can be taken that 

these walls would withstand a much higher incident radiation than the present 

critical values used in determining the separation tables. However, at distances 

greater than 1 .O m, parts or all of the boundary wall may be non fire rated and 

have a combustible cladding. As the owner of one property has no right impose 

limitations on the manner or form of construction on a neighbouring property 

(provided such building complies with the Building Code) there is no way of 

determining where non fire rated openings may occur. Therefore it would appear 

logical to take this limiting distance of 1.0 m as being the point at which the 

limiting incident radiation must not be exceeded. 

If this approach is used for the example quoted in Appendix D of two buildings 4 

m high by 15 rn long, Building 1 with a boundary separation of 2.0 m would be 

allowed to have only 28% of the wall face area unrated while the adjacent 
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Building 2 located 4.8 m from the boundary could only have 52% of its wall area 

unrated. This is illustrated in Figure 4.2. (Note that no allowance has been made 

for flame projection in this example.) Conversely, if the amounts of unrated wall 

area were to remain the same as the first example, the boundary separation 

distances would have to increase to 3.0 m and 8.6 m respectively. In all cases 

the incident radiation on the faces of both buildings is less than'the critical value. 

///////////////// 
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Figure 4.2 Limiting Distance Concept 

4.4 RECOMMENDED CHANGE 

As stated by Law, the mirror image method has not led to a significant number of 

failures in the past on the basis that neighbouring buildings are as likely to be 

built outside the critical distance as inside it. However, in the modem market 

&ere commercial pressures require as much building as possible for the least 

cost, it is far more likely that buildings will be constructed as close as possible to 

boundaries with the minimum possible fire ratings. It is considered that on the 

basis of sound fire engineering principles the limiting distance concept should be 

' adopted based on the 1.0 m boundary separation limitation for unrated openings 

used in the present Building Code Acceptable Solutions, even though this may 

result in increased boundary distances or decreases in allowable proportions of 

non rated wall area. If this proves to be a major economic disadvantage, a 

possible increase in the 1 .O m limitation to say 1.5 m could be considered. 
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CHAPTER 5: CRITICAL RECEIVED RADIATION 

5.1 WHAT IS DAMAGE? 

The functional requirements of Clause 3.2.1 of the New Zealand Building Code 

requires that: 

"Buildings shall be provided with safeguards against fire spread so that: 

" ........_ adjacent household units and other property are protected from 

damage." 

However, "damage" is not defined anywhere in the Building Code. As can be 

seen in the photographs given in Section 1.6.1 of this report, damage can range 

from blistered paintwork, cracked windows and melted PVC downpipes up to 

charred and ignited exterior cladding. 

The New Zealand Building Code Acceptable Solutions consider critical radiation 

to be that which would cause piloted ignition of timber. Piloted ignition is used 

as it is generally considered that although flaming brands are unlikely to ignite 

an adjacent wall directly, it is very likely that small burning embers will occur 

which will ignite the combustible volatiles that are driven off heated cladding 

materials. Most other countries use the same criterion. The rationale behind this 

would appear to be that if ignition of the exterior of an adjacent building occurs 

it could lead to partial or total loss of this building and potentially increase the risk 

of fire spread to further buildings because of the increased fire size. The life 

safety of the owpants of the adjacent buildings could also be compromised. 

Minor damage such as blistered paint, minor charring, cracked windows and 

melted guttering can be relatively easily and cheaply repaired. Major charring 

and potential ignition of cladding could lead to substantial repair costs if the 

adjacent building becomesfully involved and also there may be an increased risk 
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of loss of life if occupants of a neighbouring building are not given adequate 

warning. 

One potential risk that has been suggested as a design criterion is the ignition of 

curtaining or other material on the inside of a window in the adjacent building. 

It is not considered that this is a limiting case. If the glass of a window remains 

in place the material can only catch fire through spontaneous ignition as no 

embers will be present to act as an initiator. Generally spontaneous ignition 

occurs at much higher values of received radiation - usually in excess of 
20 kW/m2. Under normal circumstances it is unlikely that the glass in a window 

of an adjacent building will fall out even if the pane has been cracked due to the 

effect of an adjacent fire. This would seem to be borne out by observations of 
actual fires by the author, even though this is admittedly only a small sample. 

Based on the above, it is considered that prevention of piloted ignition of the 

exterior cladding should still be regarded as the criterion for preventing damage 

of adjacent buildings. 

5.2 IGNITION DUE TO RADIANT HEATING 

The processes involved in the heating of solids by radiant energy are numerous 

and complex To derive expressions for the rise in surface temperature it is 

necessary to consider reradiation from the heated surface, conduction through 

the solid, radiation from the rear face and convective cooling from both faces. 

The theory of the process is covered in detail by Drysdale (1985) and by Kanury 

(1995) and it is not proposed to reproduce this analysis here. It is sufficient to 

say that with major simplifying assumptions being made, it is possible to produce 

one dimensional mathematical solutionsforthe rise of temperate of a surface due 

to radiant heating. Both Drysdale and Kanury stress that, because of the 

simplifications made, great care is required in applying any of the mathematical 

expressions. Because of the complexities involved, a great deal of research has 

gone into establishing critical radiant heat fluxes for various materials by 

conducting laboratory tests. 
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The tests generally consist of subjecting a sample of material to a constant heat 

flux from a radiant heater and establishing the time and/or temperature at which 

ignition of the material takes place. In considering the ignition, two situations 

must be considered - piloted ignition and spontaneous ignition. For piloted 

ignition the test involves the introduction of a spark close to the surface of the 

material to ignite the combustible gases that are being driven off from the 

material by the elevated temperature. For spontaneous ignition, the combustion 

gases may ignite spontaneously if the gaslair mixture reaches a sufficiently high 

temperature. This requires a much higher heat flux than piloted ignition. In real 

life, the only time when spontaneous ignition could be guaranteed is if the heated 

material is behind a barrier that will not allow burning embers close to the 

material. For example this could be a curtain inside a window. The most likely 

situation that could occur when considering fire spread between buildings is the 

piloted ignition of a combustible wall cladding and this is the design criterion that 

is invariably used. 

5.3 EXTERNAL CLADDINGS TO BE CONSIDERED 

In New Zealand at the present time, there are a considerable number of 

variations in possible external claddings. These include timber, PVC, fibrous 

cement panels, masonry and plaster over either fibrous cement or rigid 

polystyrene. Apart from the timber and PVC the other products are either non 

combustible or require exposure to a very high radiant heat flux for a prolonged 

period before piloted ignition will take place. 

The Building Research Association of New Zealand has carried out tests on 

typical exterior cladding materials to determine the relative performance in regard 

to flame spread up the exterior of a building. The results of the tests and a 

proposed revised method of classifying the claddings has been reported by 

Wade (1995) and Cowles and Wade (1998). The testing involved exposing 

samples of the various claddings to a radiant flux of 50 kW/m2 for 15 minutes with 

a sparker present in a cone calorimeter and measuring the time to ignition, peak 
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Exterior Insulation and 
Finish System 
Fibrecement board 
Fibrecement board 
Metal sheet 
Plaster 
Plaster 
PVC 

I Timber 
Timber 
Hardboard WB 
Fibrecement board 

heat release rate and total heat released. The results for time to ignition are 

shown in Table 5.1. 

lnsulclad 

Hardiplank Brown 

Multiplast lnsulcote 

Superclad 
Pine Brown Acrylic 

Weathertex Brown 
Hardiflex White 
Hardiplank White 
Pine White Acrylic 
Weathertex White 

Hardiflex Brown 

Nu-Wall 

Duraplast 

S hadowclad 

Generic Description 7 
77 

82 

130 
84 
28 
15 

23 
134 
66 
15 
65 

a6 

98 

l a  

Table 5.1: Time to Ignition for 50 kWlmz Radiant Flux 

As can be seen, only the PVC had an ignition time close to the various timber 

products. Testing by the manufacturers indicates that the ignition point of PVC 

is in the order of 480°C compared to the 350°C quoted by Drysdale for piloted 

ignition of wood. The one failing of the PVC is that it will distort at a very low 

temperature of around 50°C. However, based on the damage criterion proposed 

in Section 5.1, this distortion would not be regarded as a design criterion for 
specifying building separations. 

Thus it is considered that the piloted ignition of timber should continue to be 

regarded as the design criterion for specifying building separations. 

5.4 IGNITION OF TIMBER CLADDING 

In the paper by Law (1963) on which the British regulations and hence the 

Acceptable Solutions are based, she states that piloted ignition of oven dried 
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wood only occurs with intensities above 12.6 kW/m2 for heating times in the order 

of ten minutes or more. She states that in practice exterior timber will always 

contain some moisture which will have the effect of raising the minimum intensity 

at which piloted ignition will occur. In addition, painted timber will also require a 

higher ignition intensity. She states that the figure of 12.6 kW/m2 "errs on the 

side of safety". 

~~ ~ ~ 

Wood Density 
kglm3 

Oak 660 

In later work with Simms (1977). Law carried out experiments to specifically 

investigate the effects of moisture content on the radiant ignition of timber. A 

large number of experiments were carried out using a range of timber species, 

sizes and moisture contents. The effects of moisture content on both piloted and 

spontaneous ignition were investigated. The results of some of the experiments 

relating to piloted ignition are shown in Table 5.2. 

Thickness Moisture Range of Range of 
mm Content intensities ignition 

0 %  kWlmZ Times (sec) 

13 Dry 15.9-20.9 415-140 
20 23 605 
40 24.7-272 635-530 

800 19 Dry 15.9-16.7 1260-1 11 5 
20 20.9-23.0 1020-630 
40 17.1-18.8 2580-2020 

Colurnbian 
Pine 

European 
Whitewood 

p q q - q  40 

460 13 DW 18.820.9 240-1 80 

40 2 3 . ~ 5 . 1  550-260 
20 21.7-25.1 610-370 

19 Dry 15.516.3 2380-1520 
20 16.7-21.7 1800-300 
40 17.620.9 1520-530 

19.2-20.9 
22.623.0 
26.3-29.3 

430-160 
460-500 
310-140 

16.3-16.7 
18.0-18.8 
16.3-17.1 

21 30-1440 
1 940-1 770 
3540-2230 

Table 5.2: Result of Experiments investigating the Effect of Moisture 
Content on Radiant Piloted Ignition (Law and Simms) 
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The results were converted into a graphical form showing how the minimum 

radiant intensities vaned with moisture content as shown in Figure 5.1. 

Moisture content of wood,per cent 

Figure 5.1: Minimum Intensity of Radiation for Piloted Ignition 

The experiments showed that the effect of moisture in timber was to increase the 

ignition time, the total ignition energy and the minimum intensity for both 

spontaneous and piloted ignition. The report noted that based on the extensive 

testing done, the lowest value at which piloted ignition of dry timber was likely to 

occur was 14.6 kW/mz. At the lowest likely moisture content of 10% for external 

timber, ten minutes of exposure to a flux of 16.7 kWh2 would be required before 

piloted ignition took place. Thus the conclusions of the report stated that there 

was an "amply safe margin" in the choice of 12.6 kW/m2 as the maximum 

acceptable level of received radiation for the Building Regulations. 

Idher later Fire Research Technical Paper No.20, Law (1968) presented the 

results in a different graphical form as shown in Figure 5.2. 

In this paper Law states that for a typical moisture content of 15%, timber with a 

density of 800 kglm2 would take about 65 minutes to ignite under a constant heat 

flux of 15.9 kW/m2 and 27 minutes for a flux of 18.4 kWlm2. She pointed out that 

the peakconstant flux is not likely to occur until at least I O  minutes after the start 

of a fire. 
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Figure 5.2: Relationship between Ignition Time 
and Moisture Content for Timber 

The effect of various environmental conditions on the ignition of timber has been 

investigated by a number of researchers. Atreya has carried out experiments on 

many aspect of the problem and in conjunction with Abu-Zaid (1 991) investigated 

the effects of moisture content, wind speed and 0, concentration on piloted 

ignition. Following earlier work (198s) which showed that piloted ignition 

parameters were not affected by the Sample orientation, ie. vertical or horizontal, 

numerous tests were carried out on horizontal samples of Douglas Fir subjected 
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to radiant heat. The tests showed that the moisture content had a significant 

effect on the piloted ignition of timber with the ignition time increasing with higher 

moisture content and the surface temperature and ignition flux also being higher. 

In the testing, the minimum heat flux at which piloted ignition occurred, even for 

dry timber, was 17.5 kW/mz, as seen in Figure 5.3 

, ' I . ,  
27XM: O.Im/s: 21XOz 

e 17%; O.Ini,'s. 21Z02 
V CryL 0.lm:'s: 21702 
0 I l 5 V ;  0.Im's: 21ZO2 

0 100 200 300 409 500 600 700 

Igni t ion  Time ( s w )  

Figure 5.3: Effect of Moisture Content on Ignition (Atreya) 

The paper points out that at low incident heat fluxes the curves for the different 

moisture contents tend towards the same asymptote. This is because the timber 

heats slowly and the moisture is driven off prior to ignition. This drying out 

absorbs some of the heat energy which would normally go into heating of the 

timber and hence the time to ignition is significantly increased. 

By correlating the results of similar work for a variety of timber species, Janssens 

(1991) derived a simplified thermal model for piloted ignition. Cone calorimeter 

tests were used to establish the parameters in the formula:- 

q = q  1+0.73 k c d &ij07 
For oven dry timber, the parameters shown in Table 5.3 were established. 
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Species T,J°C) q"cr(kW.m-2) 

Western Red 
Cedar 354 13.3 

Redwood 364 14.0 

hla(W.mZ.K') kpc( kJZ.m'.Ka.s) 

34.9 0.087 

35.9 0.141 

IIRadiata Pine I 349 I 12.9 I 34.6 I 0.156 II 

Victorian Ash 

IIDouQlas Fir I 350 I 13.0 I 34.6 I 0.158 II 
31 I 10.4 31.5 0.260 

Blackbutt I 300 

Table 5.3: Parameters for Janssens Thermal Model 

9.7 I 30.6 0.393 

In a PhD thesis, Janssens (1991) extended the earlier work to investigate the 

effect of moisture content on his model. He concluded that the ignition 

temperature (Tie) increases by about 2°C for every 1% increase in moisture 
content. For Radiata Pine the parameters that were derived are shown in 

Table 5.4. 

Moisture 
Content 

(%) 

0 

5 

10 

15 

20 

T m  h, qcr k W  
("C) (W/m2-K) (kW/m*) ( kJ'-s/m4-k2) 

349 36.6 13.7 0.156 

359 37.4 14.4 0.198 

369 38.2 15.2 0.240 

379 39.1 16.0 0.281 

389 40.0 16.8 0.323 

Table 5.4: Parameters for Radiata Pine for Varying Moisture Content 

Using these parameters in the formula derived earlier, it is possible to calculate 

the heat flux for a range of ignition times. The results are shown in Figure 5.4. 
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Figure 5.4 Piloted Ignition of Radiata Pine (Janssens) 

From this graph it can be seen that the minimum heat flux that may be expected 

to cause piloted ignition for dry timber is in the order of 15 kW/m2 and for pine 

with a 15% moisture content a minimum flux of 18 kW/m* may be expected for the 

durations we are concerned with. 

In recent communications (Janssens (1999) confirmed that his work showed that 

the critical heat fl& is directly related to the ignition temperature and hence 

increases with moisture content. He pointed out that using surface temperature 

as a criterion for ignition is an engineering approximation as, in reality, ignition 

is dependent on the mass flux of the volatiles being driven off the timber. The 

mass flux must be sufficient to create a flammable moisture in the gas phase and 
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this is referred to as the critical mass flux. Moisture being driven from the timber 

dilutes the combustible volatiles and a higher mass flux is required for ignition, 

hence higher surface temperature and critical flux values. 

The critical flux is determined on the basis of an extrapolation for an infinite 

exposure time when, in reality, exposure times rarely exceed an hour and are 

often less than 20 minutes. On this basis Janssens agreed that using a higher 

critical flux to account for moisture content was justified. 

In more recent work in Australia, Moghtaderi et al (1997) derived a slightly 

different correlation based on cone calorimeter tests on samples of Radiata Pine 

and three native Australian wood species. Their expression was: 

The power factors used are not too different to that of Janssens and as may be 

expected, the graph of their experimental results shown in Figure 5.5 is a similar 

shape to that of Janssens' correlation shown in Figure 5.4. 

Figure 5.5: Heat Flux and Ignition Times 
for Varying Moisture Content 
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5.5 PROPOSED NEW CRITICAL RADIATION LIMITS 

Based on the work by the various researchers reviewed in Section 5.4, it is clear 

that the present received radiation limit of 12.6 kW/mZ is conservative. Even 

allowing for only a low moisture content it would appear that a value of 16 kW/m2 

could be justified for the longer duration, higher intenslty fires of Fire Hazard 

Categories 3 and 4. For the shorter fires of Fire Hazard Categories 1 and 2 the 

peak emitted radiation is lower and the exposure time is less, so it is considered 

that a critical received radiation limit of 17 kW/m2 would be applicable to these. 

Prolonged exposure to the proposed levels of radiation will eventually cause 

piloted ignition but the ignition time will be extended. For both situations the 

limits do not allow for the time dependent nature of the radiation from a real fire, 

which would tend to increase the time to ignition even further. 

At the radiation limits proposed the time to ignition for real situations will be 

significantly longer than the standard Fire Service response time so there will be 

additional safeguards against piloted ignition of neighbouring buildings. 
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CHAPTER 6: CONCLUSIONS 

6.1 

6.2 

REQUIREMENTS FOR CHANGE 

As detailed in Chapter 1, the boundary separations of the present Acceptable 

Solutions are similar to the prescriptive requirements of a number of overseas 

countries. To date there have been only a few instances, generally of a minor 

nature, where a building tire has caused damage to adjacent buildings. However 

with the present emphasis on more closely packed urbanisation and owners' 

wishes for maximum window area in external walls and maximum site coverage, 

it is considered that there is a probability of increased risk in the future. 

As the New Zealand Building Code is a performance based code it is considered 

that boundary separation requirements should be based on sound fire 

engineering principles and current research. This is especially true when specific 

tire engineering designs are proposed as alternatives to the Acceptable 

Solutions, but the Acceptable Solutions are not to the same level of rigorousness. 

Based on the research detailed in the preceding chapters, it is apparent that 

there is scope to modify the parameters used to produce the boundary separation 

tables of the present Acceptable Solutions. 

EMITTED RADIATION 

From the review in Chapter 2 of alternative methods of establishing emitted 

radiation it is concluded that, as is done in the present Acceptable Solutions, 

specifying the radiation values to be used is the most appropriate method. 

However, the present two levels of emitted radiation are considered too coarse 

and it is proposed that four levels be used corresponding to the four fire hazard 

categories used in the present Acceptable Solutions. 
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6.3 RADIATION TRANSFER 

In Chapter 3 the various parameters affecting heat radiation transfer between 

buildings are reviewed and in most instances the existing parameters are 

considered to be acceptable. The exception is the inclusion of flame projection 

in the separation distances. A number of the research papers reviewed indicate 

that flame projection out of openings can have a significant effect of the level of 

radiation received on an adjacent building. It is considered that some allowance 

for the effect of flame projection should be included in any revised boundary 

separation tables. 

It is significant to note that most of the overseas codes specifically state that the 

separation distances are based on the assumption that there will be Fire Service 

intervention within a short period, usually under 10 minutes. If this intervention 

cannot be guaranteed, the overseas codes require the separation distances to 

be doubled, or in some cases tripled. This requirement for Fire Service 

intervention is not stated in the present Acceptable Solutions although it is 

implicit in the values that have been determined. 

6.4 BUILDING SEPARATIONS 

The boundary separations of the present Acceptable Solutions, like those of most 

other countries, are based on a mirror image concept where it is assumed that 

any receiving building is a mirror image of the building being designed. Chapter 

4 gives examples of how this approach can easily lead to unsafe conditions. 

However, as the Acceptable Solutions specfy a boundary distance within which 

a neighbouring building must be fire rated, design to this "limiting distance" would 

maintain safe conditions in all cases. 

6.5 RECEIVED RADIATION 

Chapter 5 discusses the type of damage to be considered in the design criteria 

and the external claddings that may be critical. 
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It is concluded that the criteria used in the present tables, ie. piloted ignition of 

external timber cladding, should continue to be used as the critical design case. 

However it is considered thatthe present value of 12.6 kWlm2 is conservative and 

can be increased. 



104 



105 

CHAPTER 7: RECOMMENDATIONS 

7. I 

7.2 

7.3 

7.4 

GENERAL 

Based on the conclusions outlined in Chapter 6 it is proposed that revised 

boundary separation tables be prepared incorporating the alterations to the 

design parameters detailed in the following sections. 

EMITTED RADIATION LEVELS 

As discussed in Section 2.12, it is proposed that four levels of emitted radiation 

be incorporated in the new separation tables. The values proposed are based 

on the required fire resistance ratings of the typical compartments in each of the 

fire hazard categories and are determined from the temperatures obtained from 

the IS0 834 standard fire curve for each fire duration. The proposed values are 

85 kW/m2, 125 kW/mz, 150 kWlmZ and 175 kW/mz for Fire Hazard Categories 1 

to 4 respectively. 

FLAME PROJECTION 

Based on experiments results, a number of overseas co !s include an 

allowance of between 1.2 m and 1.5 m for flame projection. However as there 

have not been significant problems in New Zealand to date and because of the 

varying effect of flames, it is proposed that smaller allowances be used in the 

amended tables. For Fire Hazard Categories 1 and 2 a flame project of 0.5 rn is 

proposed while for Fire Hazard Categories 3 and 4 the allowance is increased to 

1.0 m. 

FIRE SERVICE INTERVENTION 

Any new boundary separation tables should continue to be based on the premise 

that the Fire Service will attend the fire within a relatively short period, say under 

10 minutes, and being wetting down any neighbouring building that is at risk. 
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However this assumption should be explicitly stated in the notes of the tables with 

the rider that if this is not possible to guarantee, the separation distances given 

must be doubled. 

7.5 BUILDING SEPARATIONS 

In order to ensure that critical radiation limits are not exceed as a result of 

dissimilar faces on adjacent buildings or differences in construction timing, it is 

proposed that the “limiting distance” concept be incorporated in the tables. As 

the Acceptable Solutions specify a 1.0 m boundary distance within which a 

neighbouring building must be fire rated, it is proposed thatthis ”limiting distance” 

be used to establish the minimum building separations and hence the required 

boundary separation for the building being designed. This proposal is probably 

the most significant of all of the suggested changes in this report as it can 

substantially increase the required boundary separation. 

7.6 VALUES FOR CRITICAL RADIATION 

As discussed in Chapter 5 a number of overseas researchers have concluded 

that the critical radiation value for piloted ignition of timber is increased by the 

present of moisture in the timber. 

Based on this overseas research, received radiation values of 17 kW/m2 for Fire 

Hazard Categories 1 and 2 and 16 kW/mz for Fire Hazard Categories 3 and 4 are 

recommended. 

7.7 PROPOSED SEPARATION TABLES 

The proposed design parameters on which the separation tables are to be based 

are given in Table 7.1, together with the existing parameters. 
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Emitted Flame 

(kW/m2) (m) 
Case Radiation Projection 

Old moderate a4 0 

Limiting 
Radiation 
(kW/m’) 

12.6 

Old high 

New FHCI 

New FHC2 

New FHC3 

New FHC4 

Limiting 
Distance 

(m) 

Mirror image 

168 0 12.6 

85 0.5 17.0 

125 0.5 17.0 

150 1 .o 16.0 

175 I .o 16.0 

Mirror image 

1 .o 

Fire 
Hazard 

Category 

1 

2 

3 

4 

1 .o 

Wall Present New Present New 
Size Boundary Boundary Building Building 

Separation Separation Separation Separation 
(m) (m) (m) (m) 

3 x 1 2  3.65 5.5 7.3 6.5 

3x40  4.75 9.9 9.5 10.9 

6 x 1 2  8.30 13.6 16.6 14.6 

6 x 30 12.40 22.0 24.8 23.0 

1 .o 
I .o 

Table 7.1: Boundary Separation Parameters 

Using these parameters, the example buildings considered in Appendix A for 

100% unrated walls are reanalysed in Appendix E and the change in separation 

requirements are given in Table 7.2 

Table 7.2: Example Boundary and Building Separations 

As illustrated in the table, the new boundary separations are significantly greater 

than under the existing Acceptable Solutions. However, the last two columns of 

the table compare the actual building separations that are assumed in the two 

approaches. In the mirror image method of the present tables the building 

separation is twice the boundary separation. For the limiting distance approach 

the building separation is the boundary separation plus the limiting distance of 

1 .O m used in the present Acceptable Solutions. As can be seen, the building 
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separations are comparable and in three of the four examples the new ones are 

in fact less than under the present system. With the proposed tables all 

situations will be safe, whereas the mirror image approach can result in situations 

where the limiting radiation is exceeded to a significant degree. 

To check the general effect of the revised parameters new separation tables for 

the Fire Hazard Categories have been produced and are given in Appendix E. 

Using these tables and tables for the existing parameters also given in 

Appendix E, the separation requirements for unrated 3 m high walls of various 

lengths have been determined and are given in Table 7.3 and illustrated in Figure 

7.1. 

20 4.50 7.0 6.5 9.5 I 12.0 I 14.0 I 

Table 7.3: Boundary Separations for 3 m High Unrated Walls 
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Figure 7.1: Comparison of Boundary Separations using 

Existing and Proposed Tables 

7.8 POTENTIAL AREAS FOR FURTHER CONSIDERATION OR RESEARCH 

As can be seen from Figure 1, the new separation requirements are a significant 

increase over those of the existing solutions. This is likely to cause significant 

resistance to any changes to the existing values, but all of the proposed 

parameters have been chosen for valid reasons and are based on verified 

published research material. 

However, there is scope for additional research in some areas which may lead 

to a reduction in the separation requirements established in this report. These 

areas for possible future research are:- 
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Emissivity 

By reviewing the radiation emitted from actual building fires, it may be 

possible to justify an overall design value for emissivity of 4 .O. 

Flame Projection 

From either experimental or more extensive literature research the 

nominal, but still significant, values assumed in this report could be either 

verified or discounted. 

Limiting Distance 

The limiting distance of 1 .O m of the present Acceptable Solutions has the 

most significant impact on the new tables. A review of the construction 

cost savings resulting from an increase in this distance to 1.5 m or even 

2.0 m compared to the increased costs for building within the limiting 

distance may indicate that an increase is justified. As well, consideration 

of differing conditions for residential properties compared with commercial 

or industrial buildings may be fruiiful. 

Fire Service intervention 

As has been stated, the separation tables assume that there will be 

intervention to protect adjacent properties within 10 minutes. Although the 

effect is not enumerated, it is included as a de facto safety factor. If such 

an assumption is made de facto and due allowance is made in cases 

where it cannot be complied with, it may be overly conservative to design 

for emitted radiation values resulting from 90 minutes and 120 minute 

tires. From a review of Fire Service operations and statistics of past fires 

it may be possible to place an upper limit on the emitted radiation in areas 

where Fire Service intervention can be guaranteed. 
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(e) Critical Radiation 

A detailed experimental study into the values of critical radiation for piloted 

ignition of typical New Zealand timber cladding materials at relevant 

moisture contents may indicate possible modifications to the values 

proposed in this report. 

(f) Radiation from Growing Fires 

The research results reviewed for this report were all based on tests 

carried out on radiators emitting a fixed level of heat flux. For actual fires 

the emitted radiation will increase as the fire grows and hence the time to 

reach the critical radiation will be longer. In addition the effects of 

convective cooling and conduction into the wall framing will increase the 

time taken for piloted ignition to occur. 

Experimental testing of typical wall construction under transient heating 

rather than fixed radiation on a small sample of timber may prove that 

longer periods of exposure can be justified. 

When considering the recommendations of this report it must be borne in mind 

that in addition to pure engineering considerations any significant changes to the 

present tables will have considerable political and cosvbenefit implications. 

However sound the engineering involved it may be overruled by either politicians 

or accountants. 
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APPENDIX A 

VERIFICATION OF BOUNDARY SEPARATION TABLES 
OF THE ACCEPTABLE SOLUTIONS 

Using the design parameters given in Section 1.4, the required boundary separations 

for four typical wall elevations are determined from the C3 tables, manually using 

Margaret Law's method and from a purpose designed spreadsheet. The values of the 

incident radiation on a mirror image building is then checked using FIRECALC. 

The four examples are:- 

(a )  Single storey Childcare Centre with a 100% unrated wall 3 m high by 12 m long - 
Fire Hazard Categov 1. 

(b) Single storey classroom block with an unrated side wall 3 m high by 40 m long - 
Fire Hazard Category 2. 

(c) Unrated end wall 6 m high by 12 m long of a factory with Fire Hazard Category 3. 

(d) Unrated side wall 6 m high by 12 m long of a vehicle tyre retailer - Fire Hazard 

Category 4. 

1.0 From Appendix C of the Acceptable Solutions:- 

(a) 

(b) 

(c) 

(d) 

Enclosing rectangle 3 m x 12 m FHC = I-boundary separation = 3.5 m 

Enclosing rectangle 3 m x 40 m FHC = 2-boundary separation = 5.0 m 

Enclosing rectangle 6 m x 12 m FHC = 3-boundary separation = 8.5 rn 

Enclosing rectangle 6 m x 30 m FHC = 4-boundary separation = 12.5 m 

2.0 The emitted radiation values used in the tables would mean that (a) and (b) are 

assumed to have a radiation intensity of 84 kW/m2, while (c) and (d) would have 

168 kW/mz. Based on the formula I = c0T4 with E = 1.0 the compartment 
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temperatures relating to these intensities would be 830°C and 1039°C. 

Using the configuration factor method detailed in the Fire Engineering Design 

Guide (Buchanan 1994) the radiation received on a mirror image building 

conforming to the boundary separations given above would be determined from:- 

IR = @EO [(273 + TJ4 - (273 + T,)4] 

@ is the configuration factor 

E is the emissivity = 1 .O 
T. is the temperature of the emitter (“C) 

T, is the temperature of the receiver (“C) 

For a receiver located a distance R away from a rectangular emitter: 

Jl ‘y‘ 
Where x = Hl(2R) 

y = W/(2R) 

H = height of the enclosing rectangle (m) 

W = width of the enclosing rectangle (m) 

R = distance between the emitter and receiver (m) 

(twice the boundary separation for a mirror image 

situation) 

H = 3 m  W = 1 2 m  R = 7 m  I,=84kW/m2 

x = 3/14 = 0.2143 

y = 12/14 = 0.8571 - Q, =0.1599 - I, = 13.43 kW/mz 

H = 3 m  W = 4 0 m  R = 1 0 m  i,=84kW/mZ 

x =3/20=0.15 

y =40/20 = 2.0 
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- @ ~0 .1423  - I, = 11.95 kW/rnz 

H = 6 m  W=12rn  R = 1 7 m  I,=168kW/rn2 

x = 6/34 = 0.1765 

y = 12/34 = 0.3529 - @ =0.0719 
-, I, = 12.09 kW/m2 

H = 6 m  W = 3 0 m  R = 2 5 m  I,=168kW/m2 

x =6/50=0.12 

y = 30150 = 0.60 
.L @ ~0.0743 - lR  =12.49kW/m2 

3.0 A spreadsheet has been prepared which is based on the C3 tables of the 

Acceptable Solutions, but which enables various parameters such as firecell 

temperature, emissivity, flame projection and limiting radiation to be adjusted. 

The exact size of the boundary wall can be entered together with the actual 

separation distance in order to find the proportion of fire rating required for the 

wall. 

The test examples were checked using this spreadsheet, as shown on the 

following pages, and the required separations to achieve an incident radiation 

of 12.6 k W h 2  are as shown below.. 

(a) Enclosing rectangle 3 m x 12 rn 

I, = 84 kW/mz Required boundary separation = 3.65 m 

(b) Enclosing rectangle 3 m x 40 rn 

I, = 84 kW/m2 Required boundary separation = 4.75 m 
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Enclosing 

Rectangle 

- 

3x12  

3 x 4 0  

6x12  

6 x 3 0  

Enclosing rectangle 6 rn x 12 rn 

I, = 168 kW/mz Required boundary separation = 8.3 m 

Enclosing rectangle 6 rn x 30 

I, = 168 kW/m2 Required boundary separation = 12.45 m 

Fire Hazard C3 Tables Boundary 

Category Separation (m) 

1 3.5 

2 5.0 

3 8.5 

4 12.5 

4.0 In order to confirm these figures, the specific radiation calculations on the 

following pages were undertaken using the radiation module of FIRECALC. As 

can be seen, the analysesconfirm that the separations given by the spreadsheet 

result in the incident radiation being 12.6 kW/m2 as required. Note that the initial 

calculation in each case is to confirm the temperature required by FIRECALC to 

produce an emitted radiation of 84 k W h Z  and 168 kW/mz. 

5.0 Table A.l below gives the comparison of the boundary separation obtained from 

the Acceptable Solutions with the separations obtained by specific design. As 

can be seen, both the spreadsheet and FIRECALC confirm that the parameters 

given in Chapter 1 will indeed produce the values of the C3 Tables of the 

Acceptable Solution. 

Specific Design 

Boundary 

Separation (m) 

3.66 

4.76 

6.31 

12.44 

Table A.l: Boundary Separations from Acceptable Solution 

Tables and Specific Design 
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FIRECALC, v . 2 . 3 ,  update 31 October 1994 
(C) CSIRO, div. BCE, North Ryde, N.S.W., Australia 
Licensed to FRASER THOMAS LTD 

RADIATION 
at a given point 

from a system of fire sources 

(all the dimensions are in meters) 

X-sources: 
Radiation temperature 830. OC 

Distance Off set Size of source Opening 
X YX ZX Y Z % 
0 0 0 12 3 100 

Maximum radiation flow: 
84.015 kW/m2 
Orientation: 
0 = 90.00 
6 = 0.00 

Radiation at emitter for low tire load 



FIRECALC, v.2.3, update 31 October 1994 
(C) CSIRO, div. BCE, North Ryde, N.S.W., Australia 
Licensed to FRASER THOMAS LTD 

RADIATION 
at a given point 

from a system of fire sources 

(all the dimensions are in meters) 

X-sources: 
Radiation temperature 830. OC 

Distance Off set Size of source Opening 
X YX ZX Y Z % 
7.32 0 0 12 3 100 

Maximum radiation flow: 
12.593 kW/m’ 
Orientation: 
0 = 90.00 
q5 = 0.00 

Radiation from Building (a) at specific design separation 
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FIRECALC, v.2.3, update 31 October 1994 
(C) CSIRO, div. BCE, North Ryde, N.S.W., Australia 
Licensed to FRASER THOMAS LTD 

RADIATION 
at a given point 

from a system of fire sources 

(all the dimensions are in meters) 

X-sources: 
Radiation temperature 830. OC 

Distance Off set Size of source Opening 
X YX ZX Y z % 
9 .52  0 0 40 3 100 

Maximum radiation flow: 
12.604 kW/m2 
Orientation: 
0 = 90.00 
q5 = 0.00 

Radiation from Building (b).at specific design separation 



FIRECALC, v.2.3, update 31 October 1994 
(C) CSIRO, div. BCE, North Ryde, N.S.W., Australia 
Licensed to FRASER THOMAS LTD 

RADIATION 
at a given point 

from a system of fire sources 

(all the dimensions are in meters) 

X-sources: 
Radiation temperature 1039 OC 

Distance Off set Size of source Opening 
X YX zx Y Z % 
0 0 0 12 6 100 

Maximum radiation flow: 
168.106 kW/mz 
Orientation: 
0 = 90.00 
q4 = 0.00 

Radiation from emitter for high fire load 
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FIRECALC, v . 2 . 3 ,  u p d a t e  31 October 1994 
( C )  CSIRO, d iv .  BCE, North Ryde, N.S.W., A u s t r a l i a  
L i c e n s e d  t o  FRASER THOMAS LTD 

RADIATION 
a t  a g i v e n  p o i n t  

f r o m  a sys t em of f i re  s o u r c e s  

( a l l  t h e  d imens ions  are i n  meters) 

x-sources: 
R a d i a t i o n  temperature 1039 O C  

D i s t a n c e  O f f s e t  S i z e  of s o u r c e  Opening 
X YX ZX Y Z 8 

16.62  0 0 12 6 100 

Maximum r ad i a t i on  f l o w :  
12 .601  kW/m2 
O r i e n t a t i o n :  
0 = 90.00 
@ = 0.00 

Radiation from Building (c) at specific design separation 



FIRECALC, v.2.3, update 31 October 1994 
(C) CSIRO, div. BCE, North Ryde, N.S.W., Australia 
Licensed to FRASER THOMAS LTD 

RADIATION 
at a given point 

from a system of fire sources 

(all the dimensions are in meters) 

X-sources: 
Radiation temperature 1039 OC 

Distance Off set Size of source Opening 
X Yx ZX Y Z % 
24.88 0 0 30 6 100 

Maximum radiation flow: 
12.596 kw/m2 
Orientation: 
0 = 90.00 
@ = 0.0" 

Radiation from Building (d) at specific design separation 
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APPENDIX B 

COMPARISON OF METHODS TO DETERMINE 

COMPARTMENT TEMPERATURE 

To compare the temperatures obtained using the various methods outlined in 

Chapter 2, the following compartment will be analysed for a range of fire loads. 

Compartment: 

Ventilation: 

Interior Lining: 

Fire Load 1: 

Fire Load 2: 

Fire Load 3: 

Fire Load 4: 

4 m wide x 6 rn long x 2.5 m high with fire rated ceiling 

One window 2.4 m long x 1.2 m high at 800 mm from floor 

Equivalent to timber framed wall with 16 rnm Fyreline 

Studio apartment at 400 MJh2  of floor area 

Professional office at 800 MJh2  of floor area 

File room at 1200 MJh2 of floor area 

Bond store for duty free shop at 2000 MJ/rn2 of floor area 

A+ =24m2 

A, 
A, =2.88 rn2 

JH = 1.095m" 

A,JH = 3.155 myz 
AJAF = 0.0 

= 2 x24 + 2 x (4 +6)x2.5 = 98 rn2 

A,/& = 0.12 

1 .O ACCEPTABLE SOLUTIONS 

Fire Loads 1 and 2 correspond to Fire Hazard Categories 1 and 2 and therefore 

the emitted radiation is 84 kW/m2. The Compartment temperature for this 

radiation would be 830%. Fire Loads 3 and 4 are Fire Hazard Categories 3 and 

4 and therefore the emitted radiation is taken as 168 kW/m2. This corresponds 

to a compartment temperature of 1039°C. 
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2.0 LAW'S TEMPERATURE EQUATION 

T, - T, = 6000 (e) . (1 -e0-OSw) 
0" 

Taking h, for wood = 16 MJ/kg, the fire loads are:- 

FL1 

FL2 

FL3 

FL4 

4 
L1 

L2 

L3 

L4 

= 25 kglm2 

= 50 kglm' 

= 75 kglm2 

= 125 kglrn' 

= 98 - 2.9 = 95.1 m2 
= 2 5 ~ 2 4 = 6 0 0 k g  

= 1200 kg 

= 1800 kg 

= 3000 kg 

rl 

Wl 
W Z  = 72.5 

W3 = 108.75 

w 4  = 181.25 

= AJ(&JH) = 95.113.155 = 30.1 

= 600/(2.88 x 95.1)" = 36.25 

for FL1 T, - Ta = 6000 (w) . (1 -e"'') 
J30.1 

= 870°C - Tfl = 890°C 

for FL2 TI - Ta = 1039.7 (1 

= 101 2°C - Tf2 = 1032OC 

for FL3 T, - Ta = 1039.7 (1 -e-5.43) 

= 1035°C - TI3 = 1055°C 
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~Apc(J/mzKs"~s) 

e720 

720 to 2500 

>2500 

for FL4 T, - T, = 1039.7 ( I  

= 1039-6 - T, = 1059-6°C 

Typical Construction k, (min d3/MJ) 

Insulating material 0.080 

Concrete or plasterboard 0.055 

Thin steel 0.045 

3.0 STANDARD FIRE CURVES 

Formulae are given in the Fire Engineering Design Guide to establish the 

required fire rating of external walls. These formulae are empirical expressions 

from Eurocode 1 to establish the equivalent fire severity t, (min) where 

t, = e, k, w, 

where e, is the fire load (MJlm' floor area) 

k, is the insulation factor given by Table 6-1 

w, is the ventilation factor as given below 

A = thermal conductivity Wlm K 
p = density kglm' 
c = specific heat Jlkg K 

Table B.l: Insulation Factor k, 

The ventilation factor w, is given by: 

0.62 + 90f0.4 - aJ4 >0.5 
1 + bvah 1 

where a, = q r A  0.05 I; a, $0.25 

ah = A &  ah 5 0.20 

b" = 12.5 (1 + 10a,-a:) 

A, is the floor area of the firecell (m') 
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4. is the area of vertical window and door openings (m2) 

A,, is the area of horizontal openings in the roof (m2) and 

H is the height of the firecell (m) 

These expressions have been put into a computer spread sheet and for each of 

the fire load examples the attached output gives the required fire ratings as 

for FLI 

for FL2 

for FL3 

for FL4 

S = 34 min 

S = 67 min 

S = 101 min 

S = 168 min 

:. from IS0 834 equation 

Tf, = 860°C 

T, = 962°C 

T, = 1023°C 

Tf4 = 1099°C 

4.0 KAWAGOE'S NOMOGRAPH 

For a plasterboard wall take A = 0.5 kcallmh'C 

&JH =3.144mw 

AT =98m2 

=24m2 

Fr =&/Ar =0.245 

FO = AJHIA, = 0.032 

Taking the equivalent calorificvalue ofwood as 10.78 MJlkg in accordance with 

Kawagoe's paper the equivalent weights of wood are:- 

FLI 

FL2 = 74.2 kg 

= 400110.78 = 37.1 kg 



B5 

26-Jan-99 

Table 1 of C9ASl 
wifh variations for height and kb 

Fire Engineering 

]LOCATION( AppendutB ewmple for FHC 1 

S Rating Based On: te = ef.kb.wf (min) 

Notes on Input: ef = Fire load from FHC (Ml/mA2) 
kb = Insulation factor (C3/ASI uses 0.067) 
OR Use 0.080 for insulating material 

Use 0.055 for plaster board or concrete 
Use 0.045 for thin steel 

wf= ventilation factor based on Ah/Af 8 Av/Af 
(see Eurocode 1993 formula in Sec 6.4 
of Fire Engineering Design Guide) 

Filename. Firechart As 
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26-Jan-99 

Table 1 of CWASl 
with variations for height and kb 

Fire Engineering 

 LOCATION^ AppendbtB erample for FHC 2 1 

S Rating Based On: le = ef.kb.wf (min) 

Notes on Input: ef = Fire load from FHC (W/mA2) 
kb = Insulation factor (C3/AS1 uses 0.067) 
OR Use 0.080 for insulating material 

Use 0.055 for plaster board or concrete 
Use 0.045 for thin steel 

wf= ventilation factor based on AhlAf & Av/Af 
(see Eumcode 1993 formula in Sec 6.4 
of Fire Engineering Design Guide) 

Filename: Flrechartds 
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- 
Firecell Height (m) 2.500 

kb 0.055 
FLED (MJlm"2) 1200 

AhIAf 

Table 1 of C3/AS1 
with variations for height and kb 

Fire Engineering 

60 
59 
50 

S Rating Based On: te = ef.kb.wf (min) 

Notes on Input: ef = Fire load from FHC (MJ/mA2) 
kb = Insulation factor (C3/AS1 uses 0.067) 
OR Use 0.080 for insulating material 

Use 0.055 for plaster board or concrete 
Use 0.045 for thin steel 

wf = ventilation factor based on Ah/Af & Av/Af 
(see Eurocode 1993 formula in Sec 6.4 
of Fire Engineering Design Guide) 

58 
57 
57 

I 
.. 

54 54 

Filename: Firechaitxls 
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26-Jan-99 

Table 1 of CYASI 
with variations for height and kb 

Fire Engineering 

S Rating Based On: te = ef.kb.wf (min) 

Notes on Input: ef = Fire load from FHC (MJ/mA2) 
kb = Insulation factor (C3/AS1 uses 0.067) 
OR Use 0.080 for insulating material 

Use 0.055 for plaster board or concrete 
Use 0.045 for thin steel 

wf= ventilation factor based on Ah/Af & Av/Af 
(see Eurocode 1993 formula in Sec 6.4 
of Fire Engineering Design Guide) 

Filename: Firecharhis 
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FL3 =111.3kg 

FL4 = 185.5kg 

From Kawagoe's nomograph (1967) for A = 0.5 given on the following sheet: 

T I  =885"C 

Tz =99O"C 

T3 = 1055OC 

T4 = the fire load of 185 kg is off the scale of the nomograph but the line for 

F, = 0.03 appears to be tending asymptotically to 1 100°C. 

5.0 SWEDISH CURVES 

From the types of enclosures defined in the Swedish Curves the closest to this 

example is the Type G which has 20% of the surface as concrete and 80% as 

timber framing clad on both faces with 2 layers of 13 mm plasterboard. 

Opening factor = 0.032 

FLI 

FL2 = 46.8 Mca1.m" 

FL3 = 70.2 Mcal.m-2 

FL4 = 11 7 Mcalm-' 

= 400 x 24/98 = 98 MJlm2 = 23.4 Mcal.m-' 

For FLI from Graph G2 for opening factor = 0.02 T = 800°C 

from Graph G3 for opening factor = 0.04 T = 900°C 

:. Take T,, = 850°C 

For FLZ from Graph G2 T = 880°C 

from Graph G3 T = 970°C 

:. Take T, = 925°C 



(3.1 - 
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For FL3 from Graph G2 T estimated at 920°C (FL3 larger than graphed 

values) 

From Graph G3 T = 990°C 

.: Take T, = 955°C 

For FL4 from graph G2 T estimated at 950°C (FL4 larger than graphed 

value) 

From Graph G3 T = 101 O°C 

.: Take T,4 = 980°C 

6.0 LIE’S SIMPLIFIED EXPRESSION 

F=- =0.0322 
AT 

Taking the heat release of 1 kg of wood as 2575 kcal (10.78 MJ) the fire loads 

in kg of wood for total enclosure area are: 

QI = 400 x 24198110.78 = 9.09 kglm2 

Q z =  18.17 kglrn‘ 

Q3 = 27.26 k g h 2  

Q4 = 45.44 kglm’ 

Using the expression of burning duration of 

T 
330F 

the peak temperatures will occur at: 

t, = 9.09 = 0.855 hr 
330 x 0.0322 

t’ = 1.71 hr 

t3 = 2.57 hr 

t A  = 4.28 hr 
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Lie's expression is valid for: 

0.01 5 F < 0.15 (OK as F = ,0322) 

and t s0 .08+1  
F 

ie. ts.08+1 
,0322 

5 3.48 hr 

- use the t ,  = 3.48 hr. 

:. using Lie's expression: 

T,, = 915°C 

T, = 1032OC 

T, = 1109°C 

Tf4 = 1 157°C 

7.0 EUROCODE PARAMETRIC FIRE 

To convert FLED to fire loadltotal enclosure area: 

FL1 

FL2 = 195.9 MJlm2 

FL3 = 293.9 MJlmZ 

FL4 = 489.8 MJlm2 

= 400 x 24/98 = 98 MJlm2 

F, = &HnlAT = 0.0322 

For gypsum wallboard take: 

k = 0.48 WlmK 

p = 800 kglm3 

c = 840 JlkgK 
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J(kpc) = 567. The ECI places a minimum limit on this factor of 1000 so 

this will be used. 

:. duration of burning t,, = .00013 x 98. 

= 0.00352 x 98 

= 0.35 hr 

td2 = 0.69 hr 

id3 = 1.03 hr 

= 1.72 hr td4 

= .35 x 0.87 

= 0.31 hr 

t*, = 0.60 hr 

= 0.90 hr 

t*4 = 1.5 hrs 
t*3 

Using the EC1 parametric formula: 

To1 = 760°C 

Tg2 = 847°C 

T,3 = 908OC 

Tg4 = 985OC 

8.0 COMPARISON OF RESULTS 

The results of the various analyses are surnmarised in Table 6.2 below. As can be 

seen there is a spread of valuesfor each case with the ECI  parametric curve generally 

being the lowest and the values using Lie's expression being the highest - generally 

around 20% higher than the EC1 values. The compartment temperatures obtained 

from using the standard IS0 fire curve approach are generally midway in the range of 
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values for each example. The relationship of the various methods can be seen more 

clearly in Figure 8.2.  

FL2 
800 MJlm' 

Method 
FL3 FL4 

1200 M J l d  2000 MJIm' 

Standard Fire Curve 
Kawagoe 
Swedish Curves 

830 

1032 

962 

990 

925 

1032 

847 1 EC1 Parametric Curve 

1039 1039 

1055 1060 

1023 1099 

1055 1100 

955 980 

1109 1157 

908 985 

F i l  
400 M J l d  

830 

890 

860 

885 

850 

91 5 

760 

Compartment Temperatures ("C) 
I 

Table 6.2: Compartment Temperatures from 
Alternative Methods 

Figure 8.2: Comparison of Compartment Temperatures 
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flame Projection Calculations 
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FLAME PROJECTION CALCULATIONS 

Using the same compartment as in Appendix B, the external flame height and 

projection are calculated using the formulae proposed by Law and O'Brien (1981) 

as given in the Fire Engineering Design Guide (Buchanan 1994). 

Z =  1 2 . 8 ( R l W ) 2 " - h  

R = 0.09 Aw d(h) 
= 0.09 x 2.4 x 1.2 x d(1.2) 

= 0.284 kgl sec 

Z =  
- - 

Ash<  

12.8 x (.284 12.4) 

1.9 m above top of window 

- 1.2 

.25W 

Projection of flame front = 2h I 3  = 800 mm 

Projection to centre of flame = h I 3 = 400 mm 

The Fire Engineering Design Guide proposes that the radiation from an external 

flame can be determined by assuming a flame temperature of 600 "C and a flame 

emissivity of 0.5. Therefore for a flame 1.9 m high x 2.4 m wide, the radiation at a 

distance of 2.4 m would be 3.28 kWl m2 as shown on the attached radiation 

analysis on C4. 

Law and O'Brien state that the emissivity is related to the flame thickness l(m) by: 

and the flame temperature Tr at a distance X along the centre of the flame is given 

by: 

Tf = 520 I [1-0.027(XWlR)] + Tarnbient 
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The applicability of this equation was confirmed by full-scale testing at Lehtre 

reported by Law (1981). Therefore at the flame tip Tr = 540 O C  and at the top of 

the window. 

Tr = 520 I [1-0.027(1.9~2.4/.284)] +20 

= 938 O C  

As radiation is proportional to ? take 

(5404+9384 12) .25 

= 809 'C 
1 - e -0.3X.8 

= 0.21 

Therc. Jre for the same flame .. m t  5. .en c-ove, the radiation at 2.4 m would be 

3.25 kWI m2 as shown on C5 which is very similar to the previous result. The 

SFPE Handbook (Tien 1995) and Drysdale indicate that the emissivity of luminous 

flames can be calculated from F = I-e -KL. 

Where K = effective emission coefficient 

L = mean beam length 

Some values of K given by Drysdale are: 

Material 

Diesel Oil 

PMMA 

Polystyrene 

Wood Cribs (1) 

Wood Cribs (2) 

Furniture 

K (m") 

0.43 

0.5 

1.2 

0.8 
0.51 

1.13 

Table C.l Emission Coefficients 

Values for L based on the formula L = CL, are given in Figure C-I taken from 

Chapter 1 - 4 of the SFPE Handbook. Taking the flame as the front face of a 1.9 

m cube and a value of 0.8 for K as a representative figure: 

= 0.38 = 1 -e - .€ex .9 x .8 
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Drysdale makes the point that flames that have a high emissivity generally contain 

large quantities of soot particles which provide a heat loss mechanism and hence 

the flames are cooler. Because of the difficulties in accurately assessing external 

flame temperatures Drysdale states that black body behaviour, ie c = 1.0 is 

commonly assumed as a conservative approach. 

However for this analysis the simple method proposed in FEDG will be used. 

Assuming a compartment temperature of 842 'C the effect of the external flames 

is analysed using the FIRECALC radiation module as shown on pages C6 - CIO. 

From these calculations the maximum radiation at a distance of 2.4 m from the 

wall for just the window emission is 11.6 kW1 m2. If the effect of the flames are 

included the radiation increases to 14.67 kW1 m2, ie a 26% increase [Note that this 

is similar to values reported by Law). The same effect can be obtained if the 

window is assumed to be 0.32 m closer to the receiver. 

Geomelr, 01 Ga?i Body Radiating lo 

G3 SPHERE Entire surf** 0.66 D 0.97 

Plane end rurlace 
concave surlace 

0.48 D 
0.52 D 
0.50 0 

0.90 
0.88 
0.90 

CYLINDER 
H - 0 5 0  Entire surface 

e CYLINDER 
n-0 

center 01 base 
Entire Surlace 

0.77 D 
0.66 D 

0.92 
0.90 

Plana end surface 
concave surface 
Entire furface 

0.73 D 
0.82 D 
0.80 0 

0.82 
0.93 
0.91 

CYLINDER 
H-20 

- 
SEMI-INFINITE fl t 
CYLINDER 

Cenlsr 01 base 
€""re base 

1.000 
0.81 0 

0.90 
0.80 

U n -- 
0 
I 

surface elemen1 
Bolh bavnding planes 

2.00 D 
2.00 0 

0.90 
0.90 

0.66 0 0.90 

1 x 4 lace 
1 x . 1  lace 
Enire rvrfaca 

0.90 D 
0.86 0 
0.09 0 

0.41 
0 .U  
091 

Figure C.l: Mean Beam Length for Various Gas Body Shapes 
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FIRECALC, v.2.3, update 31 October 1994 
(C) CSIRO, div. BCE, North Ryde, N.S.W., Australia 
Licensed to FRASER THOMAS LTD 

RADIATION 
at a given point 

from a system of fire sources 

(all the dimensions are in meters) 

X-sources: 
Radiation temperature 600 OC 

Distance Offset Size of source Opening 
'X YX zx Y z % 
2 .4  0 0 2 .4  1.9 50 

Maximum radiation flow: 
3.277 kW/m2 
Orientation: 
0 = 90.0° 
#I = 0.00 

Flame Radiation from FEDG 
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FIRECALC, v.2.3, update 31 October 1994 
(C) CSIRO, div. BCE, North Ryde, N.S.W., Australia 
Licensed to FRASER THOMAS LTD 

RADIATION 
at a given point 

from a system of fire sources 

(all the dimensions are in meters) 

X-sources: 
Radiation temperature 809 OC 

Distance Offset Size of source Opening 
X YX zx Y Z % 
2.4 0 0 2.4 1.9 21 

Maximum radiation flow: 
3.241 kW/m2 
Orientation: 
0 = 90.00 
,$ = 0.00 

Flame Radiation from Law & O'Brien 
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FIRECALC, v . 2 . 3 ,  update 3 1  October 1994 
(C)  CSIRO, d i v .  BCE, N o r t h  Ryde, N . S . W . ,  A u s t r a l i a  
L icensed  to  FRASER THOMAS LTD 

RADIATION 
at  a given point 

f r o m  a s y s t e m  of fire sources 

(all the dimensions are in meters) 

X-sources: 
Radiation temperature 842 OC 

Distance Offset Size of source Opening 
X YX zx Y Z % 
2.4 0 0 2 . 4  1.2 100  

Maximum radiation flow: 
11.608 kW/m* 
Orientation: 
0 = 90.00 
$I = 0.00 

Radiation from Window Only 



FIRECALC, v.2.3, update 31 October 1994 
(C) CSIRO, div. BCE, North Ryde. N.S.W., Australia 
Licensed to FRASER THOMAS LTD 

RADIATION 
at a given point 

from a system of fire sources 

(all the dimensions are in meters) 

X-sources: 
Radiation temperature 600 OC 

Distance Offset Size of source Opening 
X YX ZX Y z % 
1.6 0 0 2 . 4  1.9 50 

Maximum radiation flow: 
5 . 8 6  kW/m’ 
Orientation: 
0 = 90.00 
$I = 0.00 

Radiation from Flame Front at 2.4m from Wall 
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FIRECALC, v .2 .3 ,  update 3 1  O c t o b e r  1994  
(C)  CSIRO, d i v .  BCE, N o r t h  R y d e ,  N . S . W . ,  A u s t r a l i a  
Licensed t o  FRASER THOMAS LTD 

RADIATION 
a t  a given point 

f r o m  a s y s t e m  of f ire sources 

(all the dimensions are in meters) 

X-sources: 
Radiation temperature 842 OC 

Distance Off set Size of source Opening 
X YX zx Y Z % 
1.6 0 0 2.4 1.9 18.8 

Maximum radiation flow: 
5.862 kW/m’ 
Orientation: 
0 = 90.0° 
$I = 0.00 

Equivalent Radiation for Flame at Compartment Temperature 
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FIRECALC, v.2.3, update 31 October 1994 
(C) CSIRO, div. BCE, North Ryde, N.S.W., Australia 
Licensed to FRASER THOMAS LTD 

RADIATION 
at a given point 

from a system of fire sources 

(all the dimensions are in meters) 

X-sources: 
Radiation temperature 8 4 2  O C  

Distance Off set Size of source Opening 
X YX zx Y Z % 
1 . 6  0 - 1.16  2 . 4  1 . 9  1 8 . 8  
2 .4  0 0 . 4  2 . 4  1 .2  100 

Maximum radiation flow: 
14 .669  kW/m2 
Orientation: 
0 = 91.00  
qJ = 0.00 

Corndined Radiation from Window & Flame 
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FIRECALC, v.2.3, update 31 October 1994 
(C) CSIRO, div. BCE, North Ryde, N.S.W., Australia 
Licensed to FRASER THOMAS LTD 

RADIATION 
at a given point 

from a system of fire sources 

(all the dimensions are in meters) 

X-sources: 
Radiation temperature 842 OC 

Distance O f f  set Size of source Opening 
X YX ZX Y z % 
2.08 0 0 2.4 1 .2  100  

Maximum radiation flow: 
14.664 kW/m2 
Orientation: 
a = 90.00 
6 = 0.00 

Equivalent Radiation from Window at Reduced Separation 
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Comparison of Mirror Image and 
Limiting Distance Concepts 

for Boundary Separation 
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I ///////////////// 

/ 

/ 

/ 
/ 

/ 

/- Receivedl I Received-5 / 

/ 100% 

/ 
/ 

/ 
/ 
/ 
/ 

/ / rndiotm I rodmtmn 
I 

/ 
/ 

/ 
/ 0 

/ UNRATED 
/ BOUNDARY 

I 1 0  kW/m' 

/ 

/ / / 
I I / 

/ 
/ 
/ 

/ 

l o  
1 35% 
IUNR A T  ED 

I 

I 
2 On 1 L am / WALL 

I 

COMPARISON OF MIRROR IMAGE AND LIMITING DISTANCE 

CONCEPTS FOR BOUNDARY SEPARATION 

As an example, consider two buildings of similar size, 4 m high x 15 m long, built 

on adjacent properties. Building 1 is constructed first and has 35% of the 

boundary wall area unrated. Using the mirror image concept as calculated on 

page D3, the required boundary separation is 2.0 metres. Building 2 is then 

constructed but has a 100% unrated boundary wall and therefore from page D4 
requires a boundary separation of 4.8 metres. This results in a total building 

separation of 6.8 metres as illustrated in Figure D.1. 

From the FIRECALC analyses given on pages D5 and D6, it can be seen that: 

o If Building 1 burns, the radiation on building 2 is 7.0 kW1 m2 

o If Building 2 burns, the radiation on building 1 is 20.0 kWI rn2 
OK 
NG 

Combined Separattan 
I 

Figure D.1 Boundary Separations and Resultant Radiation 

For Mirror Image Concept 
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For the limiting distance concept, with a limiting distance of 1.0 m, the same 

boundary separations as above would require the proportions of unrated wall area 

to decrease to 28% and 52% as shown on pages D7 and D8. Alternatively, the 

boundary separations of the buildings must increase to 3m and 8.6m, as 

calculated on pages D9 and DIO, if the original proportions of unrated wall area 

are used. However, in either situation, the radiation intensity at 1 rn inside the 

adjacent properties is limited to 12.6 kWI m2 so the situation is safe irrespective of 

which building is constructed first or which building catches fire. This is illustrated 

in Figure D.2. The resultant radiation intensities on each building from a fire in the 

other are given on pages D11 and D12, and are significantly reduced from the 

mirror image concept. 

Received-5 
rodm t m  
5 6  kW/m' / 

/ / 

/ / 
UNRATED 

I 

/ / 
/ BOUNDARY / I I 
/ W A L L  /- 2 b m  -- L 8m - 

28% 

I I I  

I I 
I 

, a 

/////////////// 

/ 

/ 0 / 
/ 52% 
/ UNRATED 

/ 
/ 

/ 

/ 

/ 

BOUNDARY 5 
W A L L  / 

/ 
" 

Figure D.2 Proportions of Unrated Wall Area and 

Resultant Radiation for Limiting Distance Concept 
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FIRECALC, v.2.3, update 31 October 1994 
(C) CSIRO, div. BCE, North Ryde, N.S.W., Australia 
Licensed to FRASER THOMAS LTD 

RADIATION 
at a given point 

from a system o f  fire sources 

(all the dimensions are in meters) 

X-sources: 
Radiation temperature 830. OC 

Distance Offset Size of source Opening 
X YX zx Y 2 % 
6.8 0 0 15 4 35 

Maximum radiation flow: 
7.003 kW/m* 
Orientation: 
0 = 90.00 
Q5 = 0.00 

Radiation on Building.2 from Building I Fire 
(Mirror Image Concept) 
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FIRECALC, v.2.3, update 31 October 1994 
(C) CSIRO, div. BCE, North Ryde, N.S.W., Australia 
Licensed to FRASER THOMAS LTD 

RADIATION 
at a given point 

from a system of fire sources 

(all the dimensions are in meters) 

X-sources: 
Radiation temperature 830. O C  

Distance Off set Size of source Opening 
X YX ZX Y Z % 
6.8 0 0 15 4 100 

Maximum radiation flow: 
20.008 kW/m' 
Orientation: 
0 = 90.00 
qJ = 0.00 

Radiation on Building 1 from Building 2 Fire 

(Mirror Image Concept) 
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D9 



D10 
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FIRECALC, v.2.3, update 31 October 1994 
(C) CSIRO, div. BCE, North Ryde, N.S.W., Australia 
Licensed to FRASER THOMAS LTD 

RADIATION 
at a given point 

from a system of fire sources 

(all the dimensions are in meters) 

X-sources: 
Radiation temperature 830. OC 

Distance Off set Size of source Opening 
X YX zx Y 2 % 
6.8 0 0 15 4 2 8  

Maximum radiation flow: 
5.602 kW/m2 
Orientation: 
0 = 90.00 

= 0.00 

Radiation on Building 2 from Building 1 Fire 

(Limiting Distance Concept) 
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FIRECALC, v.2.3, update 31 October 1994 
(C) CSIRO, div. BCE, North Ryde, N.S.W., Australia 
Licensed to FRASER THOMAS LTD 

RADIATION 
at a given point 

from a system of fire sources 

(all the dimensions are in meters) 

X-sources: 
Radiation temperature 830. O C  

Distance O f f  set Size of source Opening 
X YX zx Y z % 
6.8 0 0 15 4 52 

Maximum radiation f l o w :  
10.404 kW/m' 
Orientation: 
0 = 90.00 
r#l = 0.00 

Radiation on Building 1 from Building 2 Fire 

(Limiting Distance Concept) 
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Boundary Separations using 
the Proposed Modified Parameters 





APPENDIX E 

Fire Hazard Enclosing Original 
Category Rectangle Separation (m) 

1 3x12  3.65 

2 3x40  4.75 

3 6 x 1 2  8.30 

4 6x30  12.40 

BOUNDARY SEPARATIC 

New Separation 
(m) 
5.5 

9.9 

13.6 

22.0 

s JSING 
THE PROPOSED MODIFIED PARAMETERS 

Using the modified parameters detailed in Chapter 6 and the limiting distance concept, 

the examples used in Appendix A are reanalysed on the following pages. The original 

and new boundary separations of the examples to allow unrated boundary walls are 

shown in Table E.1. 

TABLE E.l: COMPARISON OF BOUNDARY SEPARATIONS 

Tables E.2 to E.5 give the modified boundary separation tables for each of the fire 

hazard categories whilst Tables E.6 and E.7 are based on the original C3 tables, and 

are provided for comparison. 



E2 



E3 



E4 



E5 



E6 
Table E.2: Proposed Separation Tables for FHC 1 



E7 
Table E.2: Proposed Separation Tables for.FHC 1 (cont'd) 
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Table E.2: Proposed Separation Tables for FHC 1 (cont'd) 
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Table E.2: Proposed Separation Tables for FHC I (cont'd) 

I 09000000000.0000000 



Table E.3: Proposed Separation Tables for FHC 2 

E10 



El 1 
Table E.3: Proposed Separation Tables for FHC 2 (cont'd) 
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Table E.3: Proposed Separation Tables for FHC 2 (cont'd) 
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Table E.3: Proposed Separation Tables for FHC 2 (cont'd) 
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Table E.4: Proposed Separation Tables for FHC 3 
E14 
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Table E.4: Proposed Separation Tables for FHC 3 (cont'd) 



Table E.4: Proposed Separation Tables 
E16 

for FHC 3 (cont'd) 
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E17 
Table E.4: Proposed Separation Tables for FHC 3 (cont'd) 

8 



E18 
Table E.5: Proposed Separation Tables for FHC 4 



Table E.5: Proposed Separation Tables 
I 

P 

s 

E19 
for FHC 4 (cont'd) 
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Table E.5: Proposed Separation Tables for FHC 4 (cont'd) 

5 5  



E2 1 
Table E.5: Proposed Separatlon Tables for FHC 4 (cont'd) 
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Table E.6: Existing Separation Tables for FHC 1 (L 2 
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Table E.6: Existing Separation Tables for FHC 1 8, 2 (cont'd) 



Table E.6 : Existing Separation Tables foi 
E24 

. FHC 1 8 2 (cont'd) 
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Table E.6: Existing Separation Tables for FHC 1 8 2 (cont‘d) 



Table E.7: Existing Separation Tables for FHC 3 & 4 
E26 
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Table E.7: Existing Separation Tables for FHC 3 a4 (cont'd) 



E28 
Table E.7: Existing Separation Tables for FHC 3 & 4 (cont'd) 
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Table E.7: 
E29 

Existing Separation Tables for FHC 3 B 4 (cont'd) 



FIRE ENGINEERING RESEARCH REPORTS 

9511 
9512 
9513 

9514 
9515 

9611 

9612 
9613 
9614 

9615 

9616 

9711 
9712 
9713 

9714 

9715 
9716 
9717 
9718 
9719 
9811 

9812 

9813 

9814 

9815 
9816 
9817 

9911 
9912 

9913 
9914 

9915 

Full Residential Scale Backdraft 
A Study of Full Scale Room Fire Experiments 
Design of Load-bearing Light Steel Frame Walk for 
Fire Resistance 
Full Scale Limited Ventilation Fire Experiments 
An Analysis of Domestic Sprinkler Systems for Use in 
New Zealand 
The Influence of Non-Uniform Electric Fields on 
Combustion Processes 
Mixing in Fire Induced Doorway Flows 
Fire Design of Single Storey Industrial Buildings 
Modelling Smoke Flow Using Computational Fluid 
Dynamics 
Under-Ventilated Compartment Fires - A Precursor to 
Smoke Explosions 
An Investigation of the Effects of Sprinklers on 
Compartment Fires 
Sprinkler Trade Off Clauses in the Approved Documents 
Risk Ranking of Buildings for Life Safety 
Improving the Waking Effectiveness of Fire Alarms in 
Residential Areas 
Study of Evacuation Movement through Different Building 
Components 
Domestic Fire Hazard in New Zealand 
An Appraisal of Existing Room-Corner Fire Models 
Fire Resistance of Light Timber Framed Walls and Floors 
Uncertainty Analysis of Zone Fire Models 
New Zealand Building Regulations Five Years Later 
The Impact of Post-Earthquake Fire on the Built Urban 
Environment 
Full Scale Testing of Fire Suppression Agents on Unshielded 
Fires 
Full Scale Testing of Fire Suppression Agents on Shielded 
Fires 
Predicting Ignition Time Under Transient Heat Flux Using 
Results from Constant Flux Experiments 
Comparison Studies of Zone and CFD Fire Simulations 
Bench Scale Testing of Light Timber Frame Walls 
Exploratory Salt Water Experiments of Balcony Spill Plume 
Using Laser Induced Fluorescence Technique 
Fire Safety and Security in Schools 
A Review of the Building Separation Requirements of the 
New Zealand Building Code Acceptable Solutions 
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F Rahmanian 
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